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Abstract
Nearby Young Moving Groups (NYMGs) are loose associations of young stars <150 Myr
within ∼120 pc. Among them, the Epsilon Chameleontis Association (eCA) is the youngest
group at ∼100 pc with an average age of 5 Myr. Due to these properties, eCA is a prime group
to study pre-main sequence stellar evolution, protoplanetary disks, and young exoplanets. To
improve statistics on disk fraction, spectral types, age, and early M dwarf evolution, we can
identify new members and M dwarfs that belong to the eCA. We utilize the precise astrometry
and photometry of Gaia to find new candidate members. Specifically, we will measure the
candidates’ positions, motions, and color to assess age and membership. Using 2MASS and
WISE photometry, we fit model atmospheres to candidate stars in order to estimate effective
temperatures, luminosities, mass, radius, and age, and look for evidence of mid-IR excess from
dusty disks. This work resulted in the identification of ∼ 100 new eCA candidates, comprised
mainly of M dwarfs and a few proto-brown dwarfs. We present analysis of the optical spectrum
of the M-type eCA candidate TOI-1227 and discuss its possible eCA membership, which would
make TOI-1227b the youngest known transiting exoplanet. Finally, we present analysis of
archival XMM-Newton X-ray spectroscopy for the highly variable eCA star/disk system T
Cha.
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Chapter 1

Introduction
1.1

Pre-Main Sequence Stars

Under the classical theory of star formation [4] an initial dense cloud of gas collapses into a
large protostellar core of hot gas. Leftover material surrounding the core will start to form a
disk due to the conservation of angular momentum. As the core contracts more, gravitational
potential energy is converted into heat. Both pressure and temperature further increase from
these contractions. For stars with masses above the hydrogen burning limit, nuclear reactions
will become the dominant source of pressure supporting against gravitational collapse.
These initial young stars with disks are called protostars. As the central star cannot
accrete all the surrounding mass, momentum conservation causes matter to eject along the
star’s poles. Over time stellar winds will deplete and push back gas and dust surrounding the
star. Lower mass protostars will take longer to contract, while higher mass stars of the same
age will already begin fusing hydrogen.
Stars that have stopped accumulating most of their mass from their initial clouds, but
are still contracting and not yet fusing hydrogen are called pre-main sequence stars. This
transition from protostar to pre-main sequence star happens very quickly (< 1 Myr). Many
pre-main sequence stars hold onto their disk for tens of millions of years. These remaining
disks are called protoplanetary disks. These are gas rich disks where planets form. As pre
main sequence stars evolve, their protoplanetary disk dissipate on the order of a few Myr,
Chapter 1. Introduction
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leaving behind embedded proto-planets, dust, and fragments from planetary collisions. For
several hundred million years, as these low-mass stars slowly contract onto the main sequence
(the onset of hydrogen fusion) their residual disks continue to slowly dissipate.[5].
Longstanding questions in this regard are of great importance to understanding our own
solar system: How do disks affect and influence the evolution of pre-main sequence stars
and further, how does this interaction affect the planet formation process? In order to answer these questions, multi-wavelength observations are key. X-rays/far-UV observations are
important to study young star coronae, accretion and magnetic fields. Observations in the
near-UV/optical/near-IR are important to identify spectral features such as Hα and Li. Mid
IR to sub-millimeter/millimeter observations are crucial to studying dust and gas in disks.
Another question that still remains, is on what timescale do stars dissipate their disks [5][6]?
The infrared excess of stars and specifically young stars < 100 Myr can be seen as evidence
for warm dust possibly existing as a protoplanetary disk. A correlation exists between a stars
infrared excess and the age/stage of their evolution. When observing groups of stars of similar
age, expect that most stars (< 20 Myr) should have shed their protostellar disk and instead
contain more mature evolved disks. Many stars < 100 Myr that no longer show emission lines
from gas accretion may still show infrared excess which can be evidence for warm dust[7] [6].
This dust would be the residual dust left after gas depletion by stellar winds and accretion[8].
Another method of the production of dust around disks is thought to be from collisions of
planetesimals and protoplanets in the chaotic environments of protoplanetary disks[9].

1.2

Nearby Young Moving Groups

In astronomy one of the most important quantities to know about a star is its age[10]. Particularly when studying pre-main sequence stars, there are a limited number of diagnostics
to determine age. Finding a group of stars of known age and looking for new members of
that group can alleviate this problem. Loose groups of co-moving stars within 100 pc have
been identified and dubbed Nearby Young Moving Groups (NYMGs)[11]. At this distance
the nearest star forming regions such as the Rho Ophiuchi and Taurus cloud complexes are
Chapter 1. Introduction
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excluded. Commonly, such star forming regions found in molecular clouds well beyond 100 pc
from the sun, have been used to study pre-main sequence young stars. However most pre-main
sequence stars and disks in star forming regions are often inaccessible to most wavelengths,
excluding infrared and radio, due to intervening dust. This gives NYMGs an advantage in
studying stellar age. An even bigger advantage is also in the direct detection of exoplanets.
Gas giant exoplanets at these ages are still contracting and are self luminous. Specifically, gas
giant exoplanets orbiting bright host stars at wide separations start are more detectable the
closer they are to earth.
A visualization of all the currently known groups can be seen in figure 1.1[1]. Since the first
identification of a moving group, the last twenty years have been very fruitful with more then
twenty NYMGs catalogued with several thousand known members. With high precision all
sky surveys such as ESA’s Gaia[12] and the upcoming Vera Rubin Observatory, more NYMGs
and members will be found.
One of the first moving groups identified on the basis of its X-ray luminous members was
the very close (∼ 50 pc) TW Hydra Association (TWA)[13]. With an age of 8 - 10 Myr[14],
the TWA is one of the most studied groups. Due to its proximity, the TWA has been widely
studied in X-rays all the way into the radio with exceptional resolution. One important focus
of these studies have been its most notable member TW Hydra with groundbreaking studies
of complex molecules[15], accretion, and high resolution disk structure [16][17].
Other notable NYMGs are the β Pic and Sco-Cen moving groups. The β Pic group is
another relatively nearby group with an average distance of just 35 pc[14] and age of 24
Myr[18]. It holds two out of the mere two dozen stars with directly imaged exoplanets. These
stars are 51 Eridani[19] and the group’s namesake β Pictoris. With such systems, this group
shows that NYMGs are the best places to find stars with exoplanets that can be directly
imaged. The 11 - 15 Myr old Sco-Cen association is one of the largest NYMG with over 436
members[20]. With so many members, it offers the ability to study statistically significant
samples of co-moving and co-evolving pre-main sequence stars. Its large spatial extent across
the southern hemisphere (see figure 1.1) brings up questions of continuous star formation
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Figure 1.1: All currently known Nearby Young Moving Groups within 120pc.[1].
among a group[3][21][22]
Among NYMGs, the closest youngest moving group is the ϵ Cha Association (eCA)[3]. A
recent study [23] has re-affirmed the average age of ∼ 5 Myr and distance of 101 pc, which
highlights its unique role in the study of young stars. Young stars like those in eCA are often
in the late stages of proto-planetary evolution. With little extinction towards eCA, FUV/Xray observations become easier to probe stellar magnetic activity and the irradiation of young
exoplanets and disks. It also offers a test bed of early M dwarf evolution, late stages of planet
formation, and young planetary evolution.

1.3

M Dwarfs and Brown Dwarfs

M dwarfs are low mass (< 0.5 M⊙ ) and ultra cool (< 4000 K) stars. These are the most
abundant and the longest living type of star in the universe with theoretical age limits far
older than the current age of the universe. M dwarfs are also well known to host most
currently known Earth-like exoplanets [24]. This is mainly attributed to the fact that Earthlike exoplanets are easier to detect around M dwarfs. This advantage highlights the importance
to understand early M dwarf evolution.
An issue that has recently come into light surrounding young M dwarfs is the discrepancy
between estimations of age from models and from observations. This is due to young pre-main
sequence M dwarfs having inflated radii, complex magnetic fields and cool atmospheres[25].
Chapter 1. Introduction
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As this problem persists, it becomes harder to disentangle the ages of different populations.
Identifying more young M dwarfs will help determine the reasons for this discrepancy.
Moving even further down the HR diagram, brown dwarfs are also important objects to
study. Brown dwarfs are very low mass and cool objects that will never attain sufficiently high
densities and temperatures in their cores to fuse hydrogen and instead can only fuse deuterium
early in their evolution[26]. Due to their low effective temperature and radii, they are not very
luminous and therefore are hard objects to observe. Current theory has come to understand
brown dwarfs as failed stars[27]. However they are not dissimilar to gas giants or ultra low
mass M dwarfs. Brown dwarfs a have mass range of 14 - 75 MJ [28]. The upper boundary is due
to the lowest mass where hydrogen fusion is still possible. The lower boundary is attributed to
the deuterium fusing limit. For young brown dwarfs, their spectra closely resemble M dwarfs.
In fact the most massive young brown dwarfs have late-M spectral types as they evolve towards
the main sequence.

1.4

X-rays from Young Stars and their Disks

As late-type pre-main sequences stars contract, angular momentum conservation causes rapid
rotation. Along with convection in their interiors, strong magnetic fields are generated. Magnetic fields along the surface of these stars further generate coronal activity. The corona then
generates X-rays. This means that in theory pre-main sequence stars could be observed with
X-rays. Indeed it has been known that young stars exhibit strong coronal X-ray emissions
relative to field star populations. This fact led to one of the first identifications of late type
members in NYMGs[13]. Still today, observing large X-ray to bolometric luminosity ratios
remain key indicators of youth.
All young stars show some amount of X-ray variability. Often disk hosting young stars
will show a wide range of X-ray variability. With long term observations and precise timing,
X-ray light curves can be analyzed to uncover the nature of these variations. In most cases
the variability comes from coronal flaring [29][30] and/or accretion[31]. For disk-hosting young
stars, X-rays can be impacted by intervening gas and dust, which may contribute to X-ray
Chapter 1. Introduction
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variability.
A prominent member of the eCA is the well studied transition disk hosting star T Cha.
T Cha is one of only four near-solar-mass young K stars within 100 pc[32]. It is a gas-rich
transition disk with a high inclination angle of 73◦ and displays evidence for a protoplanet[33].
Past studies have shown periods of both high variability and low variability. T Cha has been
often cited as a weak accretor[32][34]. Utilizing indicators such as Hα, T Cha has an estimated
accretion rate of 3 × 10−9 M⊙ yr−1 [34]. Through X-ray observations, a soft X-ray component
has been attributed to shocks from accretion [32]. Further analysis of the X-ray data yielded
an NH estimate of (NH = 2.0 × 1022 cm−2 )[32]. However, longer X-ray observations are
needed to fully explore the time variability in T Cha and disentangle emission mechanisms in
this enigmatic star-disk system.

1.5

Young Exoplanets

Only a handful of exoplanets have been found around stars of ages < 30 Myr. Even more
notably, only a fraction of those stars are observed undergoing exoplanet transits[35]. This
small list comprises, AU Mic b, c (∼22 Myr)[36][37], K2-33 b (∼9 Myr)[38],and HIP 67522 b
(∼12 Myr)[39]. Due to the small sample size of exoplanets around very young stars, it has
become ever so important to find more examples.
Notably, all of these young exoplanets have been found in NYMGs, demonstrating again
the importance of identifying stars in these groups. Due to their proximity to earth, young
exoplanets found around stars in NYMGs are prime search targets for direct imaging such
as those found around β Pic[37] and 51 Eridani[19], both found in the nearby Beta Pictoris
moving group.
As previously discussed, M dwarfs and pre-main sequence stars are very magnetically and
X-ray active. An underlying question for stars of this age is what is the effect of FUV/X-ray
irradiation on protoplanets and/or newly formed exoplanets[40][41]. Past X-ray observations
show that indeed exoplanet atmospheres can suffer from X-ray-induced photo-evaporation[42].
In the absence of X-ray observations, other indicators of stellar activity such as Hα can be
Chapter 1. Introduction
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used to place constraints on the stellar interaction with exoplanet atmospheres.
Spectroscopic studies of exoplanet hosting candidates can also elucidate the true age of
these systems. As more exoplanets are detected around nearby stars, age determination is key
to understanding the evolution of exoplanets. A vital indicator of age for young stars is the
6708 Å Li absorption line. Young stars, particularly M dwarfs of ages 10 - 200 Myr, deplete
their lithium dependent on their spectral type[43]. This allows accurate age determinations for
nearby pre-main sequence stars that translate to good estimates for the ages of their orbiting
exoplanets.

1.6

Overview of Thesis

In this thesis, I present a new analysis of the eCA, including a significant expansion of its
membership and studies of two of its more notable individual members stars. In Chapter
2, I present work done to find new candidates for eCA. This includes work utilizing stellar
atmospheric models to fit observations and estimate important stellar parameters such as age.
I analyze infrared photometry of the newly identified candidates to ascertain the presence of
disks. In Chapter 3, I estimate the age of a newly identified eCA member, TOI-1227. TOI1227 has flagged as a transiting exoplanet host star. I analyze a recently obtained spectrum
of this stars and discuss its implications for TOI-1227’s age. In Chapter 4, I analyze data
from X-ray observations of an prominent member of eCA, T Cha. This is one of the most well
known eCA members as it holds a protoplantary disk. We discuss its X-ray variability and
features in its X-ray spectrum.
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Chapter 2

New Candidate Members of the ϵ Cha
Association
2.1

Past Studies on eCA

Stars in the ϵ Cha Association (eCA) have been known to astronomers to be quite young for
over 20 years. Past studies utilized X-rays and early less precise astrometric measurements to
classify stars in this region as very young and co-moving. However, due to a lack of precise
astrometry, radial velocity, and spectroscopy measurements, the group membership of many of
these stars remained uncertain. One of the first studies to re-evaluate the membership of these
stars was Murphy et al. 2013 [3] referred to as M+13. Using ground based optical spectroscopy,
they re-examined 52 candidates for eCA. Spectra were used to identify key signatures of youth
such as the 6708 Å Li absorption line and the Hα emission line. They also measured radial
velocities and proper motions of their candidates. With these measurements, they evaluated
the kinematics of each candidate and established co-motion that either confirmed or rejected
membership to eCA. Final membership comprised of 35 stars from B9 to mid M spectral types.
The mean distance was found to be 110 ± 7 pc with mean velocities of UVW = −10.9 ± 0.8,
−20.4 ± 1.3, −9.9 ± 1.4 km s−1 . Lastly using theoretical pre-main sequence evolutionary
tracks, M+13 found the mean age to be 3 - 5 Myr. This work firmly established that eCA is
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the youngest moving group within ∼100 pc.
Dickson-Vandervelde et al. 2021 [23] (henceforth DV+21) re-evaluated the membership of
eCA using the precise astrometry and photometry obtained by ESA’s Gaia Space Astrometry
Mission. They conducted a search in the Gaia Data Release 2 (DR2) catalogue for 53 stars
initially considered for eCA membership from M+13. DV+21 also conducted a new search
for additional stars in the Gaia catalogue not previously considered for eCA membership,
identifying 62 new candidates. On the basis of the mean group motion, position and isochronal
age, they found 56 viable eCA candidate members. Their results confirmed 36 bona-fide
members and also added 20 provisional members. They further established a mean distance
−1
of D = 100.99 pc, a mean age of 5+3
−2 Myr, and mean UVW velocities of U = −9.847 km s ,

V = −20.667km s−1 , W = −9.682 km s−1 .

2.2

Member Selection

Building off the results of DV+21, we conduct a search for new eCA members. Our selection
and analysis utilizes similar methods to DV+21. While DV+21 searched the DR2 catalogue,
we use the newer Gaia Early Data release 3 (EDR3)[44]. EDR3 increased the population of astrometric sources with updated measurements. This enables us to analyze possible candidates
that cant be found in DR2. We started our search by selecting stars with a parallax in the
range of 9 - 11.5 mas. This range brackets the parallax that corresponds to the mean distance
of 100.99 pc determined by DV+21. We choose a region in the sky within a rectangular region
in RA and DEC based on the extremes of the positions from DV+21. These initial (RA,DEC)
criteria yielded a sample over 2000 stars, the vast majority of which are likely field stars as
opposed to eCA members. Next we filtered stars based on proper motion (PM). All stars from
DV+21 have a PM in RA between -44 and -37 mas yr−1 , and a PM in DEC between -20 and
10 mas yr−1 . This sets up a condition which forms a large area in proper motion space but
also filters out a lot of field stars. Figure 2.1 illustrates the restriction placed on PM in order
to isolate candidate eCA members.
We further filter candidates based on their parallax errors. There are two sources of error,
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Figure 2.1: Plot of Gaia Proper motions in RA and DEC with DV+21 members in red and
final candidate list in blue, errors are smaller than marker size. Cutoff region in blue. Stars
outside this region were not further considered.
the uncertainties in measurement and astrometric excess noise. The astrometric excess noise ϵi
is a measure of discrepancy between the astrometric parameters for a given star and the global
Gaia astrometric model. This can be treated as an additional systematic parallax uncertainty
that can be added in quadrature to the parallax measurement uncertainty. If the Gaia flag
astrometric_excess_noise_sig > 2, then observations are not well behaved. This flag is
a measure of the significance of ϵi on the deviation of the astrometric noise from optimal model
for Gaia observations. Furthermore, for our purposes we only include stars with excess noise
ϵ < 0.1π. We also keep only stars with πerr < 0.1π, where πerr is the standard systematic
error in the parallax measurement.
To account for the possible uncertainties in Gaia colors, we apply a cutoff using the Gaia
flag photometric_Bp _Rp _excess E. This excess flag is simply the ratio of the sum of the B
and R band fluxes to the G band flux. The Gaia collaboration uses the quantity E to define
a domain with sufficient photometric quality given by

1.0 + 0.015(GBp − GRp )2 < E < 1.3 + 0.06(GBp − GRp )2
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Figure 2.2: Photometric Bp-Rp excess factor plotted against Gaia Bp-Rp color. Stars within
the cutoff for well behaved Gaia colors lay in between the two dotted lines. These lines are
given by each side of the inequality 2.2.Stars in blue are candidates after filters on parallax,
proper motion, excess noise and photometric excess are applied. Stars initially found in our
search that did not meet the quality needed are shown in grey.
where GBp , GRp are the Gaia Bp and Rp bands. An example of how this criterion is applied
is shown in figure 2.2. Stars with well constrained colors fall in between the dotted black lines
that represent the limits of the inequalities in equation 2.2.1.
Utilizing all of these filters and considerations, we are left with 199 candidates. These candidates represent astrometricly well measured stars in a small area around the established eCA
members. Furthermore, they represent stars with proper motions very similar to eCA. This
data set can now be assessed using empirical isochrones to determine whether the candidates
are commensurate in age to the eCA members and candidates identified by DV+21.

2.3

The Color-magnitude Diagram and Empirical Isochrones

We can define empirical relationships, called isochrones, in Gaia Color Magnitude Diagrams
(CMDs). Isochrones are constructed for stars that are members of the same group and are
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therefore coevolved. An empirical isochrone can be defined as a polynomial fit to the locus of
co-evolving stars of a NYMG in a CMD.
DV+21 conducted an empirical fit of an isochrone to the 30 previously established members
for eCA. The resulting isochrone traces stars of the age of eCA, representing a mean age range
of 5-8 Myr. It is given by

G = 1.28c4 + 8.44c3 − 28.9c2 + 33.17c − 7.18

(2.3.2)

where c is a candidate’s Gaia GBp − GRp color. With this equation, we can analyze our
199 candidates and estimate their age while further removing candidates. To do this we define
the magnitude offset given by

∆M = M ′ (c) − M

(2.3.3)

where ∆M is the offset or difference between a star’s Gaia G magnitude if measured on
the isochrone defined as M ′ (c), and the actual Gaia magnitude M . c is simply the Gaia color
GBp − GRp for a star.
This offset can be used to exclude candidates if their magnitude offset is |∆M | ≥ 2σ∆M
where 2σ∆M is two standard deviations from ∆M . This method ensures candidates have
similar isochronal positions which should correlate to isochronal ages. Using the empirical
isochrone and magnitude cutoff, we filter our 199 candidates down to 98. In figure 2.3, the
98 candidate stars are shown in blue compared with eCA members in red. Also shown for
comparison are various older NYMGs. This plot illustrates that our 98 candidates have an
estimated age between 5 - 8 Myr which correlate with the established age of eCA at 5 Myr.
With this final list of well astrometrically measured and isochronally consistent stars, we list
our candidates with ALLWISE catalogue names and Gaia astrometry in table A.1.
When looking at our color-magnitude diagram, binaries can appear as young stars. If two
stars of equal mass are in a binary and are not resolved as two distinct objects, they will be
observed twice as bright as a single star. For a sequence of these stars, a region can be defined
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Figure 2.3: Gaia Color-Magnitude diagram with Gaia G band Magnitude plotted against Gaia
GBp − GRp color. Stars in blue are candidate stars, red are previous members. The red curve
is the 5 Myr isochrone from DV+21. Field and older pre-main sequence stars are plotted in
grey for comparison. The equal component binary line shown in purple. Young stars are seen
above the main sequence. Highlighted candidate star TOI-1227 shown in bright green.
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as a line called the main sequence equal component line (see figure 2.3). We note that our
candidates sit above this line, and show that this list of stars do not contain main sequence
equal component binaries.

2.4

Spatio-Kinematics

As the name describes, NYMGs are groups of co-moving stars. When considering stellar
membership to these groups, their velocities in space are a crucial indicator. Broadly, to
consider the membership of our 98 candidates, we evaluate if our candidates have Galactic
positions and velocities that are consistent with those of established eCA members.
Using Gaia’s precise RA, DEC, and parallax π measurements, we determine heliocentric
XYZ positions, and create a map in XYZ space. This is a coordinate system based on the
Galactic coordinates l and b, where l is the angle between the galactic center and the object of
interest and b is the angle above or below the galactic plane to the object. We use a coordinate
transformation given by

X=

1
1
1
cos (b) cos (l) Y =
cos (b) sin (l) Z =
sin (b)
tan (π)
tan (π)
tan (π)

(2.4.4)

where π is a star’s parallax.
Under this coordinate system, the X direction is along the axis from the sun to the galactic
center. Using this system we can define the velocity of a star along each axis as UVW. These
velocities are defined as U along the X-axis, V along the Y-axis, and W along the Z-axis. As
the sun is placed at X,Y,Z = (0,0,0) in our system, positive velocities indicate motion towards
the sun. The XYZ positions of our candidates are subject to bias in our search due to how
candidates are selected in RA, DEC and π. However, XYZ positions can still be used to show a
spatial association. We do not discard stars based on positions alone. Past research has shown
that stars with very large spatial separation can still be considered members, as stars with
similar UVW motions are seen to have originated from a common birthplace which migrated
to their current positions[45][46][47].
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In order to obtain a star’s UVW velocity, the observed quantities, radial velocity (RV),
and the motion of a star in RA and DEC known as proper motion, must be known. The radial
velocity is the motion of a star along the radial line of sight to it. While proper motion (PM) in
RA and DEC, give the star’s apparent 2-D motion in space (how the star’s RA/DEC position
change over time). Throughout astronomy, the RVs of stars have been a challenging quantity
to measure precisely. The main method is through measuring the doppler shift, the observed
shift of a star’s spectrum due to the motion of the star. From a doppler shift, the radial
velocity is simply the ratio between the difference from the observed wavelength of a spectral
line from the star and the wavelength from the same line but measured from a stationary
source on earth. As a star moves away from earth, the spectral features are red-shifted (moved
towards longer wavelengths). While motion towards earth are blue-shifted (towards shorter
wavelengths). The further the shift, the faster its velocity. The most precise RV measurements
come from large ground based telescopes, with high resolution spectrometers that can measure
very the small differences of a spectral line needed. However, the Gaia space telescope has
offered unprecedented measurements with a precision of 6.4 km s−1 for stars as faint as a
Gaia G band magnitude of 14[12]. As such, this makes Gaia excellent for measuring nearby
stars. To get the other components of the UVW velocities, Gaia measures proper motions.
These motions are represented as the slight change in the stars RA and DEC position in the
sky. These can be converted to changes in l and b which is further converted to XYZ and
consequently UVW.
Our data set is taken from the Early Data Release 3 (EDR3) meaning that we do not have
updated RVs measurements after DR2. This limits the amount of RVs that we can use to only
a handful. To help alleviate this issue, we searched the SIMBAD database for literature RVs.
With our search we end up with a total of just 10 out of 98 candidates. This greatly limits
our ability to kinematically evaluate our members.
To evaluate our candidates for membership, we employ a kinematic offset. This is a
quantity that allows us to quantify a star’s velocity and compare it to established members.
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The general equation for the kinematic offset is given by

Kkin =

p
(U − U0 )2 + (V − V0 )2 + (W − W0 )2

(2.4.5)

where U, V, and W are a star’s calculated UVW velocity and U0 , V0 , and W0 is the mean
motion of all established eCA members. We use the mean motion calculated in DV+21 [23].
This offset now quantifies how different a candidate’s velocity is to the mean velocity of eCA.
We employ a kinematic offset cutoff of Kkin > 2σKkin . Those below this threshold meet the
condition to be considered a candidate for the group.
Using this cutoff, only one candidate out of ten was rejected. As the kinematic offset
requires UVW velocities, only stars with existing radial velocities can be considered. As
previously mentioned only ten stars were found with existing radial velocities. Without every
candidate having a radial velocity measurement, we cannot fully determine membership of all
98 candidates based on kinematics. Using the full Gaia Data Release 3, we expect more then
half of our candidates will have RVs for future analysis. Our UVW velocities are shown in
table 2.1.
Table 2.1: Candidate Heliocentric Velocities
Name (ALLWISE ID) U (km s−1 ) σU V (km s−1 ) σV
W (km s−1 )
J124051.94-685658.5
1.8
10
−37.9
16.3
−10.8
J122704.22-722706.5
−8.9
6.8
−21.5
11.2
−9.5
J113409.59-780005.1
−10.8
2.1
−19.7
3.8
−10.2
J121602.52-710303.5
−10.3
0.8
−19.1
1.3
−8.6
J131720.91-725856.8
−9.3
1.6
−21.5
2.3
0.1
J124541.76-680646.4
−9.5
0.5
−19.5
0.8
−7.5
J120222.03-730313.1
−10.9
1.5
−17.8
2.7
−8.7
J124635.27-680741.9
−9.9
0.4
−18.9
0.7
−7.9
J124336.50-783407.7
−12.0
3.3
−16.2
5.1
−9.2
J133146.27-735633.1
−12.3
4.0
−16.8
5.5
−5.8
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2.5

Spatio-Kinematic Results

As we now have calculated XYZ positions for all 98 candidates and UVW velocities for 10,
we can plot these coordinates to compare with existing eCA members. Figure 2.4 shows XY
and XZ heliocentric positions of known eCA members, candidates, and members of the nearby
yet slightly older Lower Centaurus Crux (LCC). The XY positions show spatial confinement
in the top left region with candidates showing a maximum range of 20 pc in X and 15 pc in
Y. When moving in the Z direction, candidates show a range of 20 pc. We note that when
considering the Z direction, most candidates form a more spatially distinct group in the same
region as the LCC A0 subgroup, the youngest subgroup in LCC defined in Goldman et al.
2018 [21]. This group is shown in dark green in figure 2.4. However, 7 members found in
DV+21 are also found in this group. Because existing eCA members and our new candidates
show this localization, we note an apparent ambiguity between the LCC and eCA.
Figure 2.5 displays heliocentric velocities for member stars, candidates, and LCC members.
The plot with UV velocities show stars in both LCC and eCA confined to a downward sloping
trend. When considering just eCA members and candidates in red and blue respectively, a
more distinct association can be seen compared to LCC members. In the UW plot, eCA
members and candidates occupy an area around (−10, −10). While the LCC subgroups have
larger W velocities, surrounding the (−9, −6) position.

2.6

Spectral Energy Distributions and Modeling

Using optical photometry from the Gaia data release, and near/mid infrared photometry from
the Two Micron All Sky Survey (2MASS) [48] and the Wide-field Infrared Survey Explorer
telescope (WISE) [20], spectral energy distributions can be constructed. In our context a
star’s spectral energy distribution (SED) is a low resolution spectrum composed of individual
photometric measurements from individual passbands. With an SED, a star’s spectral type
can be determined without full spectroscopic measurements. Instead we can use these SEDs
to compare with atmospheric models. These models can simulate a wide range of spectra
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Figure 2.4: Heliocentric positions in XY and XZ space with eCA members in red, candidates
in blue and LCC sub groups in orange, purple, grey, dark green, and turquoise. In XY space,
candidates show a slightly large distribution then eCA members but located in the same region.
Candidate star TOI-1227 is shown with a green X (See chapter 3).
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Figure 2.5: Heliocentric velocities in UV and UW space with eCA member stars in red,
candidates in blue. Blue candidates are shown with UW velocities similar to established eCA
members in contrast to LCC members. Candidate star TOI-1227 is shown with a green X.
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including the atmospheres of pre- and post-main sequence stars and even those of ultra low
mass sub stellar objects like brown dwarfs and exoplanets. With a model fit, a candidate’s
luminosity, mass, temperature, and radius can all be estimated. These parameters can then
be also fit with evolutionary tracks to further estimate a star’s age.
Near and mid infrared wavelengths offer vital information in the study of young stars. At
these wavelengths information about warm dust can be obtained. Without pointed observations detailed spectra are difficult to obtain, however, 2MASS and WISE have allowed access
to these wavelengths. The Infrared Processing and Analysis Center (IPAC) compiled both
2MASS and WISE photometry into the ALLWISE catalogue which allows for easy access to
cross match sources and obtain photometry for all our candidates. We utilized the University
of Strasbourg’s CDS X-match service [49] to find photometry in ALLWISE for all Gaia sourced
candidate stars. Each candidate was found to have photometry in each band from ALLWISE.
These bands are the J 1.25 µm, H 1.65 µm, and 1 Ks 2.15 µm bands from 2MASS and the
W1 3.4 µm, W2 4.6 µm, W3 12 µm, and W4 22 µm bands from WISE. We note that the
WISE W4 band is sensitive to background galaxies and intervening dust and as such has the
largest uncertainty than other bands. Due to this uncertainty, not every SED fit uses the W4
band.SEDs were constructed for all 98 candidates. Figure 2.6 shows a sub-sample of the first
20 stars in our list of candidates.
We performed a chi squared fit for all 98 candidates using the VOSA SED fitting program[50].
This program allows us to input our SEDs made up of Gaia, 2MASS, and WISE photometry
and fit the data with our choice of stellar atmospheric models. The choice in model is not
arbitrary as many models cannot be used for certain ages and stellar spectral types. We chose
the widely used BT-SETTL CFIST model[51]. These models include updated metallicity, low
surface gravity effects, and important physical processes in cool atmospheres such as cloud
formation and dust aggregation. These considerations are important for studying young low
mass M dwarfs and young brown dwarfs. Figure 2.7 shows a sub sample of four best fit SEDs
with model and observational photometry. Stars 25, 26, and 63 are examples of low mass M
1

The 2MASS 2.15 µm Ks band is not the same as the standard K 2.19 µm band. This difference is negligible
for our analysis.
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Figure 2.6: A multi-plot of SEDs for the first 20 candidate stars. Gaia, 2MASS, and WISE
bands are highlighted in blue, red, and green respectively.
dwarfs near the potential threshold for young brown dwarf spectral types. These Three stars
are show evidence for warm disks that will be discussed in more detail in section 2.8. These
plots are also label with the temperature associated with each best fit model. With these
temperature we assign spectral types based on the the work of Pecaut & Mamajek 2013 [52].
This work defined spectral types for pre-main sequence stars from derived colors and temperatures. With the spectral types of our candidates determined, we compare to our estimated
types found in DV+21. Another method to determine the spectral type of stars is by using an
empirical relationship between Gaia photometric colors and established spectral types from
eCA members. DV+21 found a relationship for K to M type members. This relationship is
given by
Sp(c) = −12.78c2 + 42.54c − 29.26

(2.6.6)

where c is the Gaia GBp − GRp color. The spectral index is an integer that relates the color
to the M spectral sub-type. The relation gives the spectral type M0 as the integer 0, with
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Figure 2.7: Gaia, 2MASS, and WISE photometry for four candidates. Photometry is shown
in orange and model photometry shown in blue. Each sub plot is titled with the best fit
model’s effective temperature.
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negative integers as K spectral types and positive integers as spectral types later then M0 up
to M7.

2.7

SED Fit Results and eCA Age Estimates

Temperature, mass, radius, luminosity, age and spectral type were found using model atmosphere fits to SEDs. Table A.2 lists all candidates with these parameters. The majority of
these stars are M dwarfs with low temperatures < 3600 K. We also find that 20 candidates
have temperatures < 3000 K. Luminosities are also consistent as M dwarfs of these ages should
be slightly more luminous then their main sequence versions. The ages of the candidates show
some spread with some having inferred ages as young as 1 Myr and some as old as 27 Myr.
The mean age of 5 Myr is however consistent with DV+21’s result for eCA. The histogram
in figure 2.8 shows the estimated ages of our candidates. The red dashed line highlights the
mean age determined from this sample.
We also plot the spectral types of our candidates with those derived from DV+21’s spectral
index to compare methods. Figure 2.9 shows each candidate plotted with a spectral index
against our model determined spectral types. The red dashed line shows the position where
both methods agree. We find good agreement to within one spectral type for most candidates,
with the strongest agreements being among mid M types. However, when considering stars
of late M/early L, types start to diverge more. This difference highlights the limit of the
empirical relationship as a spectral index of 7 corresponding to a spectral type of M7 is the
last type that can be used.

2.8

Infrared Excess and the Disk Fraction

The disk fraction is an important metric in understanding star and disk evolution. This
fraction is simply the fraction of stars that still have a disk relative to their initial star forming
group[53] after their protostellar phase. This number can detail how long stars hold on to
their disks and at what spectral type. Past research has shown that higher mass stars may
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Figure 2.8: Histogram of the all candidates ages determined by SED fitting.Top: Histogram
of ages determined by the BT-Settl model. Bottom: Histogram of ages determined by the
SPOTS model. Red and orange dashed lines shows the mean age of the determined ages in
both plots respectively. A bin size of 25 is used.
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Figure 2.9: Candidates plotted with spectral index derived spectral types against SED model
temperature derived spectral types. The red dashed line shows where spectral index would
match model spectral type.
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hold onto their disks longer then lower mass stars with a highlighted difference between K
dwarfs and M dwarfs[54][55]. We expect that at the established age of eCA, the disk fraction
among our candidates should be ∼ 30% as determined in DV+21.
Using data from 2MASS and WISE, we can use a star’s infrared excess to determine the
fraction of disks that still exist among our candidates and for the overall eCA. In the nearinfrared bands that 2MASS and WISE observe in, warm disks A way to quantify IR excess is
through infrared color-color plots[52] and by analyzing SEDs.
Using our SEDs, we can qualitatively judge if a star has infrared excess and thus the
presence of a disk. Figure 2.7 shows four candidates. Stars 26, 29, and 63 show the longer
wavelengths of the K, W1, W2, W3, and W4 bands in orange diverge from the model shown
in blue. This divergence is the excess in infrared. These excesses are signs of warm disks
expected of ages <100 Myr. We can compare to star 66 with no infrared excess where the
photometry matches the expected model. W4 is not used in the model fit for star 66, as
described in section 2.7.
The 2MASS and WISE photometry are also used to show color excess in a color-color plot.
In figure 2.10 candidates in blue and eCA members in red both show K-W3 and K-W4 values
above a sequence of field stars plotted in grey. Using the previously described values, we can
see ∼11 candidate’s color excess in the range of significant IR excess. Specifically those with
K - W4 around 4 and K - W3 above 2. We note in the upper right corner are notable eCA
members with transition disks T Cha and MP Mus. We also observe that stars with IR excess
identified using SEDs are the same stars identified using the 2MASS-WISE color-color plots.
With our SEDs and color-color plots, we can update the prior disk fraction for eCA. We
found 11 candidates showing evidence for disks. Among these is the brown dwarf W1200-7845
found by a citizen scientist lead study[56]. Their photometric analysis concurs with ours,
finding a disk around this brown dwarf. Three other proto-brown dwarfs were also found to
have disks, along with 7 M dwarfs. Considering all our 98 candidates, those with disks place
the disk fraction to ∼ 18%.
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Figure 2.10: Color-color plot with 2MASS K band - W3 and W4 colors. Stars with infrared
excess appear up and to the right with color values above 3. eCA members in red and
candidates in blue are shown with many stars above the field population in gray. Prominent
member stars in eCA, T Cha and MP Mus in red show excess consistent with transitional
disks. Several candidates shown evidence for warm debris disks with excess.

2.9

The Age of Eps Cha

The ability to determine a star’s age is vital for understanding their evolution and underlying physical processes in addition to understanding our own Sun. With the advent of large
all sky surveys with precise photometry such as Gaia, 2MASS and WISE, a multitude of
stars within the solar neighborhood can be accurately measured. In conjunction with modern stellar evolutionary models, our ability to estimate a star’s age has been tremendously
bolstered. However problems still persist when considering low mass young stars. Ages can
vary depending on the model used for late type dwarfs. As such, age determination based on
color-magnitude diagrams rely on pre-main sequence models. This discrepancy is due to the
complexity of young M dwarf atmospheres and magnetic fields as M dwarfs are highly convective and rapidly rotating[57]. These properties further factor into mass-radii relationships of
M dwarfs which can change their observed luminosity. This makes it challenging to measure
age on color-magnitude diagrams. One model that accounts for M dwarf magnetic activity
and starspots is the SPOTS model[58]. We can use this model to estimate ages and compare
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against those estimated based on the more commonly used BT-Settl CFIST model.
The current literature mean age of eCA is ∼5 Myr [23][3]. When considering our study’s
new candidates, we determined an average age of eCA to be 5 Myr based on atmospheric
model fitting using BT-Settl (see figure 2.8). However when using the SPOTS model, the
average age slightly increases to 9 Myr. In figure 2.8, ages form the SPOTS model are plotted
in a histogram. The mean age of 9 Myr is shown in orange. Both histograms highlight the age
discrepancy between models. Because of this disagreement, we also consider our candidates’
membership to eCA through spatio-kinematic analysis.
To help narrow down the ages of stellar populations, recent efforts have turned to the study
of nearby moving groups. With advances in astrometry such as those made by Gaia, the motion
of stars can be precisely measured and thus assist in associating a star with a co-moving coevolving group attributing the groups age to the star. As both membership and candidate
selection are based on the position and motion of existing candidates, a kinematic analysis
can help confirm membership and therefore establish an age. When looking at the heliocentric
positions and velocities in figures 2.4 and 2.5, candidates (blue points) show spatial agreement
with members (red points). With the few velocities that we could measure, candidates UVW
velocities show consistency with those of eCA. Based on our spacial analysis of every candidate,
we estimate around 60%. This shows that most of our candidate’s positions are consistent
with the average position of eCA.

2.10

Are Our Candidates in the LCC or eCA?

As seen in figures 2.4 and 2.5, eCA is very close in heliocentric Galactic coordinates to the
LCC. More precisely, as with an increase in spatial Z direction, candidates spatially correlate
to the LCC subgroup A0[21]. Previous papers such as M+13[3] and [22] have also discussed
the proximity of eCA to the LCC. One way to differentiate these groups is with Li absorption
measurements. Because Li is readily destroyed in nuclear reactions, Li is often only detected
in the atmospheres of young stars. Specifically, Li is detected via the 6708 Å absorption line.
We can quantify this detection using equivalent widths (EWs). The EW of a spectral line is
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defined as the area of the line when plotting intensity versus wavelength. The area is found
after a continuum level is determined and subtracted. The spectrum is also normalized. A
positive EW is taken as an absorption feature, while a negative EW indicates emission.
Using this metric, M+13 outlined that their 30 members are distinct from the LCC. In
figure 3.4, M+13 highlights that the Li EWs of their members for eCA are more consistent with
younger ages than those of LCC members. M+13 also uses a kinematic analysis to differentiate
between the groups. However they note that there are still a few members far from the average
position of eCA which cannot be completely de-coupled from the LCC. A similar situation
also occurs with the north boundary of the LCC and TW Hydra Association[59] as the LCC
is a very large moving group with a much larger spatial extent than other moving groups. In
this study, we only measured the Li EW for one star, TOI-1227, discussed in chapter 3. Future
work will attempt to obtain more measurements to fully evaluate age.
A newer study using Gaia DR2 highlighted a similar conclusion to M+13. Kubiak et al.
2021[22] discussed that the A0 subgroup bridges the LCC and eCA in what is possibly a wave
of star formation through the LCC towards eCA. Our results further add to this possibility. As
described in section 2.6, we show that the majority of our candidates occupy a shared space in
XYZ with the LCC A0 subgroup. In order to disentangle these populations and determine if
these eCA candidates are eCA members or LCC A0 members, we require more radial velocity
measurements. From the measurements that we currently have, figure 2.5 alludes to eCA
having distinct velocities then that of the LCC subgroups. Future studies using Gaia DR3
will add to the known radial velocities as well as a more precise ground based spectroscopic
survey.
Future work can also potentially use stellar trajectory traceback to use a star’s current
position and velocity to estimate a common birthplace with similar young stars and thus
estimate a moving groups age. A recent example of this was done using the β Pic moving
group[60]. In this study, the authors successfully obtained a traceback age consistent with
ages obtained from Li and isochronal studies.
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2.11

Low Temperature Members/Brown Dwarf Transition

As the majority of our candidates are ultra cool M dwarfs, this sample provides an excellent
data set to explore the M star-brown dwarf boundary around 5 Myr. The current definitions
between M dwarfs and brown dwarfs are mainly based on the difference in mass. The theoretical mass limit for stars that can maintain hydrogen fusion (named the hydrogen burning limit)
is ∼ 0.07M⊙ . Brown dwarfs are characterized with masses below this limit. Instead brown
dwarfs are theorized to instead fuse deuterium. As it can be difficult to accurately measure
the mass of star, and impossible to directly measure fusion inside its core, it can be difficult
to distinguish brown dwarfs from M dwarfs. However, for young M dwarfs (< 100 Myr) of
spectral type later than M6-7, theory predicts that they may contract to a brown dwarf rather
then staying as a spectral type M. Thus, this theory allows for the determination of currently
observed young M stars that may become brown dwarfs. We note that this spectral type is
highly age dependant and that the age is also model dependant.
The boundary between brown dwarfs and M dwarfs is shown in theoretical evolutionary
tracks for low mass objects. Figure 2.11 shows our candidates in red with estimated temperatures and ages from SED fitting plotted over theoretical tracks from Burrows et al. 2001[2]
for M, L and T spectral types. A green dashed line marks the boundary at 3000K between
young M and L dwarfs. This is the theoretical boundary for the current estimated age of eCA
of 5 Myr. At this temperature, the tracks shown in blue-red diverge with an increase in stellar
age. For the tracks below the 73 MJ (approximate hydrogen burning limit) and above 13 MJ
(approximate deuterium burning limit) brown dwarfs drastically cool down, much below the
temperatures of the lowest mass M dwarfs in the range 1 Gyr - 10 Gyr. We note that this
boundary in temperature only applies to populations < 1 Gyr where both brown and M dwarfs
have similar temperatures. This analysis highlights that we have found a unique population of
proto-brown dwarfs that motivate future study, as well as showing the importance of studying
NYMGs.
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2.11. Low Temperature Members/Brown Dwarf Transition

Figure 2.11: Candidate stars shown in red with estimated temperatures and ages plotted over
theoretical tracks for low mass M, L, and T dwarfs taken from [2]. Green dashed line marks
the boundary between M dwarfs and L type brown dwarfs which lies at T ∼3000 K for stars
of age < 10 Gyr.
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Chapter 3

ϵ Cha Association Candidate TOI
1227: A potential 5 Myr-old
Transiting Exoplanet
3.1

Discovery of TOI-1227

While searching the literature on our 98 candidates, the star TOI-1227 was uncovered, matching our candidate star 66 (see figure 2.7). The designation ‘TOI’ or TESS Object of Interest
means that this star has been flagged as a possible transiting exoplanet with a detection from
the Transiting Exoplanet Survey Satellite (TESS). Using the MAST archive [61], TESS transit
data can be found for M stars close to the sun. For the star TOI-1227, a transit matched the
TESS pipeline’s flag for a transit and gave a high probability for a significant detection. Figure
3.1 shows the TESS relative flux data from 3 folded transits with a transit at 0 hr relative
to phase. Using the TESS photometry and lightcurve, TESS estimates parameters for TOI
objects. TOI-1227’s exoplanet (TOI-1227b) radius is estimated to be 0.5844 ±0.14 Rj . TOI1227b’s period is 27.363343 ±0.00011 days, and has an equilibrium temperature of 286.98 K.
Additionally, the planet’s orbital semi-major axis is also found to be 0.089 ±0.005 AU. Using
light curve data from TESS, our collaborator Dr. Alex Binks, measured the rotation rate of
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3.1. Discovery of TOI-1227

Figure 3.1: The TESS lightcurve of TOI-1227. Three transits are folded in this lightcurve.
The transit can be seen at a relative phase of 0 hrs.
TOI-1227 to be 1.657 ±0.004 days. This agrees with an independent measurement of 1.65
±0.04 days by Mann et al. 2022 [62]

Parameter
Rs (R⊙ )
M (M⊙ )
L (L⊙ )
Tef f (K)
Age (Myr)
Period (days)
RP (RJ )
Teq (K)
a (AU)

Table 3.1: TESS and SED Fit Derived Parameters
TESS Derived
BT-Settl
0.44 ± 0.013
0.559 ± 0.018
0.437 ± 0.02
0.36 ± 0.21
0.015 ± 0.004
0.023 ±0.001
3055 ± 157
3000 ± 50
NA
5.814.12
6.03

SPOTS
NA
0.1550.043
0.010
0.02260.0225
0.0228
3000 ± 50
8.9
11.715.8

TOI-1227b TESS Derived Parameters
27.363343 ±0.00011
0.5844 ±0.14
286.98
0.089 ±0.005

In order to confirm membership to eCA, TOI-1227 needs to have a clear indicator of age.
With Gaia, 2MASS, and WISE photometry, an SED was made to estimate stellar parameters
for TOI-1227 with the same process discussed in chapter 2 (see figure 2.7). Table 3.1 contains
parameter estimates from TESS and our analysis with the BT-Settl and SPOTS model. A
best fit model gave TOI-1227 a spectral type of M5 with an effective temperature of 3050 ±50
K. We note that TESS pipeline estimations for temperature and mass generally agree with
our BT-Settl results, but do not agree with esiamtes in luminosity and radius. The SPOTS
Chapter 3. ϵ Cha Association Candidate TOI 1227: A potential 5 Myr-old
Transiting Exoplanet

33

3.2. Optical Observations of TOI-1227
model does not agree with either TESS or BT-Settl. Using the BT-settle model, theoretical
tracks place the age of TOI-1227 at 7 Myr ±1. We additionally make another estimate of 11
Myr ±0.3 when using the SPOTS model to also place an age on theoretical tracks. The TESS
pipeline did not make age estimates.
We can provide an additional constraint on the age of TOI-1227 by measuring the Li
absorption line EW. Young stars ages 5 - 200 Myr show the Li 6708 Å absorption feature in
their spectra. Li absorption shows the presences of Li in the atmospheres of stars. Due to
the convective activity of early pre-mains sequence stars, Li is mixed near the surface into the
stellar interior where it is destroyed in early nuclear reactions. As the star ages, more Li is
depleted. By measuring the equivalent width of the Li absorption line, we can estimate how
much Li that star has and therefore place additional constraints on age.
If age estimates from Li EWs agree with estimates from models, then TOI-1227’s age would
be well constrained. Further, if the estimate on age shows consistency with the age of eCA at
∼5 Myr, TOI-1227 would be the youngest transiting exoplanet found and would have a high
probability of being a eCA member. Therefore we set out to measure the Li absorption line
EW.

3.2

Optical Observations of TOI-1227

An optical spectrum was taken for candidate star TOI-1227 to better measure the youth,
activity, and radial velocity. Observations were carried out, calibrated, and reduced by our
collaborator Dr. Simon Murphy using the ANU Sliding Spring Observatory’s 2.3m telescope
and the Wide Field Spectrometer (WiFeS). This instrument has a 38 x 25 arcsec FOV with a
total wavelength coverage of 330 - 920 nm. For this observation we used an R = 7000 grating
with a wavelength coverage of 0.529 - 0.706 nm. The WiFeS instrument has a sufficient spectral
resolution to measure the expected sub-Angstrom EW of the 6708 Å Li absorption line. One
2400 second exposure was taken. Two other stars, GJ 357 and GJ 370 were also observed
on the same night as M-type spectral standards of M2.5V and K6Vk respectively. Figure 3.2
shows spectra taken for TOI-1227, GJ 357, and GJ 370. Each spectra are offset to show the
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3.3. TOI-1227 Spectral Analysis

Figure 3.2: The spectrum of TOI-1227 shown in green. Two other stars, GJ 357 (SpT M2.5V)
and GJ 370 (SpT K6Vk), are shown in blue and orange as spectral references. Prominent
features are the 6562A Hα line in green and the 6708 Å Li absorption line marked in a dotted
red line.
comparison between reference spectral types and TOI-1227.

3.3

TOI-1227 Spectral Analysis

We carried out analysis on the spectrum of TOI-1227, seen in figure 3.2, for youth indicators
such as Hα emission and Li absorption. Young M stars are known to be active. They show
strong, sporadic, and frequency flaring, as well as starspots and active chromospheres. Active
chromospheres are often indicated through the presence of large Hα line emission flux. As the
surface of the star accrets gas and dust from the disk, in-falling gas will travel with speeds near
the star’s free-fall velocity. The in-falling gas will heat up and emit light at the wavelengths
of Hα. However, Hα is also known to be emitted from within the chromospheres of stars.
Specifically in young stars that are magnetically active, such as M dwarfs, the Hα emission
line is observed to be much more brighter than from main sequence stars. Hα is so much
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3.3. TOI-1227 Spectral Analysis

Figure 3.3: A close up of the Li 6708 Å absorption line for TOI-1227 shown in green. Both
spectral reference stars, GJ 370 and GJ 457 are shown in orange and blue. The Li absorption
line of TOI-1227 seen at 6708 Å is not observed in the main sequence reference stars.
more brighter to where Hα is commonly used to identify young stars. In order to identify if a
young star is accreting or not, the Hα linewidth can be measured. In our case, the dominant
broadening of the Hα emission line is from the temperature of the chromopshere and the
rotation of the star. However, for stars undergoing accretion, the Hα line can be broadened
by the free-fall motion of the in-falling hydrogen. For stars actively accreting, the linewidth
at 10% of the peak intensity of the Hα emission line is a commonly used metric to determine
accretion. When measuring the linewdith in terms of a velocity, stars that show accretion have
linewidths > 200 km s−1 .[63].
Using the spectrum of TOI-1227 (see figure 3.2), we measured the Hα linewidth at 10%. In
figure 3.2, the Hα line can be seen for TOI-1227 in green as the large feature at a wavelength
of 6562 Å with a peak of around 7 in normalized flux units. The Hα emission line is measured
to have an EW of −6 ±3 Å and a width at 10% peak intensity of 126 ±40 km s−2 .
Figure 3.3 shows the Li 6708 Å absorption line which measures the EW of 600 ±300 mÅ.
Using two spectral template stars shown in figure 3.2, we estimated the spectral type in the
range of M4.5 - M5.5.
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3.4. The age and activity of TOI-1227 and Future work

Figure 3.4: Figure from M+13[3] Li EWs plotted against effective temperature Li for several
NYMGs with ages between 4 to 120 Myr. Candidate star TOI-1227 is shown to have an EW
consistent with ages of both eCA and the slightly older TW Hya. For each moving group,
stars with Tef f > 5500 (spectral types earlier then K0) converge to low < 300 mÅ Li EWs.
With decreasing temperature (spectral types later then K0), stars with ages > 10 Myr have
Li EWs below 500 mÅ while younger stars show increasing EWs > 500 mÅ.

3.4

The age and activity of TOI-1227 and Future work

In order to confirm youth, we have observed TOI-1227 and measured its optical spectrum.
Using figure 3.4, we compare the Li EW of TOI-1227 to the established EWs for eCA members and of other older moving groups. We see that the measurement of 600 ±300 mÅ is
consistent among eCA members and with the corresponding spectral type of M5 for this age.
Furthermore, groups older than 8 Myr start to show lithium depletion among M dwarfs, with
a downturn in EWs among M0 - M4 but not in later types as evident in M dwarfs in TW
Hydra and the older Beta Pic moving group. Other analysis done by [62] show that members
of the LCC A0 subgroup show a lithium sequence that limits TOI-1227’s age between 8 and
11 Myr. They also fit 11 Myr models to the star’s spectrum. From this work, they group
TOI-1227 with the LCC A0 subgroup on the basis of position and posit that TOI-1227 has
an age of 11 ±2 Myr. However, our analysis points to a younger age for TOI-1227. Figures
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3.4. The age and activity of TOI-1227 and Future work
2.4 and 2.5 show TOI-1227’s position in both XYZ and UVW space. In comparison to the
eCA and LCC members, TOI-1227 shows a more consistent location to eCA members in the
XY and UW plots. However in XZ and UV, TOI-1227 is more offset to eCA members. This
discrepancy makes it difficult to place TOI-1227 firmly in eCA. When considering SED model
fitting for TOI-1227 seen in figure 2.7, the model dependant age estimates of 7 Myr using the
BT-Settle model and 11 Myr from the spots model, seems to also agree with an older age for
TOI-1227. However our Li EW measurement of 600 ±300 mÅ is more consistent with stars
younger than 10 Myr. The uncertainty in our measurement however leaves the age unclear.
More observations are needed in order achieve a higher signal-to-noise ratio and reduce the
uncertainty or possibly obtain higher resolution spectra.
Using Hα EW measurement for TOI-1227, we can attempt to compare with existing studies
on M dwarf activity. A common metric for understanding M dwarf evolution and activity is
the activity-age-rotation relation. Activity indicators such as Hα and significant X-ray/EUVs
combined with rotation rates have been used show a correlation between stellar activity and
stellar age[64][10]. We compare the rotation period and Hα EW for TOI-1227 discussed in
section 3.2 and 3.3 with Kiman et. al. 2021 and Soderblom et al. 1990[64][10]. These previous
studies do show that activity decreases with age. When considering M dwarfs, stars < 200 Myr
show strong activity, while older stars start to decrease in activity. However, when considering
only M dwarfs later then M3, strong activity remains up to 700 Myr. As TOI-1227 is of late
type M5, these metrics on activity cannot place useful constraints on TOI-1227’s age. Future
X-ray observations of TOI-1227 may however be more useful. Past work has shown that among
young stars < 10 Myr, X-ray luminosity consistently decreases with age[65]. Determining the
X-ray luminosity of TOI-1227 may provide better information about its age. Additionally,
X-ray observations may also provide information about the X-ray irradiation on exoplanet
atmospheres. Estimated X-ray flux can place limits on the energy received from the star, and
how much of TOI-1227b’s atmosphere will photo-evaporate. These questions can ultimately
be used to better understand exoplanet formation.
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Chapter 4

The nature of variable X-ray emission
from the ϵ Cha Association star-disk
system T Cha
4.1

T Cha Observations

Being a young near-solar mass K type star that bears a transition disk [32][66], T Cha is
an excellent star to study late type dwarf evolution in the 5 Myr age range and to better
understand disk irradiation and dissipation. Past studies have suggested that the chemistry of
gas and dust in protoplanetary disks can be influenced by the central star’s high energy X-ray
and UV radiation [67]. As planets are formed from material in these disks, the formation
of exoplanets could be influenced by high energy irradiation. Furthermore, T Cha’s disk is
viewed at an incline of i ∼ 60◦ (i = 90◦ is edge on). This offers an unique chance to determine
how the disk affects T Cha’s X-ray output and possibly how it is effected by this radiation as
well.
Utilizing X-ray light curves, the time changing X-ray activity of T Cha can be studied.
We can attempt to determine if T Cha’ X-ray variability can be attributed to coronal activity
or instead to intervening gas and dust. The X-ray spectrum of T Cha can be used to estimate
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4.2. X-ray Data and Analysis

Figure 4.1: XMM Newton pn detector CCD image of T Cha in the center as the brightest
X-ray object in this FOV. This is just one 30 ks on exposure out of three total observations.
important parameters to help answer this question. We set out to extract T Cha’s X-ray
spectrum from archival data, and estimate the X-ray temperature Tx , luminosity Lx and
intervening absorption column NH .

4.2

X-ray Data and Analysis

T Cha was observed in three 30ks periods in 2018 by the PI Dr. Alexander Brown. Using
NASA’s archival high energy database HEASARC, we extracted unpublished data of X-ray
light curves and CCD spectra, and estimated parameters to study the X-ray properties of T
Cha.
Data were reduced, calibrated, and analysed using ESA’s Science Analysis System (SAS).
This analysis followed the standard pipeline to process X-ray light curves and spectra. To
process the data, a specific instrument calibration file for a given observation period called
calibration index files (CIF) is generated where it is matched to the observation. We further
generate a calibrated event list. An event list is the standard data file for X-ray observations;
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4.3. T Cha Light Curve and Spectrum Results
unlike astronomy done at longer wavelengths, X-rays are measured by counting discrete photons hitting the detector. A 4D list is made of each ‘event’ including the time (specific CCD
exposure) at which the photon was detected, the charge collected in the CCD pixel, and its
XY position on the detector. Data is further filtered and ‘bad pixels’ are removed. We can
then create a spatial image of the intensity of X-rays over XY space. We then identify the
source area and subtract a background area chosen near the target. There are three CCD
imaging x-ray detectors on the XMM Newton Telescope. The detectors are named MOS1,
MOS2, and pn detectors. Figure 4.1 shows a CCD image from XMM Newton’s pn detector.
T Cha is seen in the center of the image as the brightest source.
Our X-ray spectrum is compiled using CCD photon events. While for shorter wavelengths
of light needs to be passed through a grating to measure a spectrum, the energy of an individual
X-ray photon can be directly measured. To process spectra, two response files, the Ancillary
Response File (ARF) and Response Matrix File (RMF), are needed to match the detector’s
photon response with what is expected to be measured using a theoretical spectrum. The
response matrix is used to convert the charge of the electrons on the CCD, to the photon’s
energy in KeV. This is done by relating statistically relating quantities such as flux and spectral
bin to the detector’s effective count rate and charge. With these files, the commonly used X-ray
spectral fitting software XSPEC[68] is used to combine response files with observations and fit
theoretical models. This creates the standard X-ray CCD spectra used for model fitting and
parameter estimation such as X-ray temperature, flux, elemental abundance, and intervening
gas column densities.

4.3

T Cha Light Curve and Spectrum Results

Figure 4.2 shows the pn detector’s X-ray light curve from 3 different observing periods 02/22/28,
02/26/18, and 03/01/18 with temporal bins of 100s. Over this period, a gradual increase in
flux is seen. During the last period at around 80ks, a large five fold increase in photon count
is observed. The red line highlights a count rate of 0.2 counts/s in each time series. This
helps illustrate the steady increase in counts over time and shows how much larger the flaring
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4.3. T Cha Light Curve and Spectrum Results

Figure 4.2: The X-ray light curve of T Cha. Bins of 100s were used to best highlight energetic
features and quiescent periods. The red line highlights a count rate of 0.2 counts/s in all three
periods. A prominent flaring event can be seen at 80 ks.
feature is compared to the more steady rate. Foundational work of [69][70] in the field of
stellar flares have shown that for the sun, solar flares exhibit a tell tale shape distinct from
other emission features. This shape is what we see in T Cha’s light curve around 80ks in the
last panel in figure 4.2. A sharp increase with a gradual slope down towards a previous steady
period. Figure 4.3 shows just one CCD spectrum during the second observation period out
of three total observations. Data with error bars from the MOS1 and MOS2 detectors are
shown in red and black points while green data points show the pn data. Best fit models are
solid lines shown with colors respective to the data. The same model is applied to all three
data sets. The spectrum was generated using the XSPEC program. To make the spectrum, a
two component model with an intervening absorption column (model wabs [71]) was assumed
and fit. This model assumes two hot plasma components with X-ray emission lines. These
components form the general shape of the spectrum. The X-ray emission lines are from ionized elements. These are more noticeable as the small rounded features highlighted in the
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4.3. T Cha Light Curve and Spectrum Results

Figure 4.3: The X-ray spectrum of T Cha over the best resolved spectral region. The overall
shape follows a free-free emission with several emission lines highlighted with a dotted blue
line. Most notable is the 1 - 1.3 keV blended Fe/Neon line.
spectrum. Several prominent lines are highlighted such as Si and Mg emission lines. Last, an
overall absorbing column is applied to the model which suppresses the overall flux.
In our model to best fit the spectrum, we choose the abundances to be a fixed parameter.
The two component temperatures and absorbing column are allowed to be free after an initial
guess. We chose abundances similar to Model C in [16]. This model was determined for a
similar weakly accreting, near solar mass, disk hosting star, TW Hydrae. Our initial guess on
the two component temperatures were T1 = 0.8 keV and T2 = 2.3 keV, with an absorption
column of NH = 1.2 × 1022 cm− 2. This initial guess was used in Sacco et al. 2018 [32] for an
previous X-ray observation of T Cha, over a shorter exposure. We show best fit parameters
for the Lx , Tx and NH for each of the three observations in table 4.1.
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4.4

T Cha’s X-ray variability and X-ray output

As T Cha has been observed in multiple wavelengths[33][34], many studies have demonstrated
that T Cha could be classified as a weak accretor[32][66]. However some uncertainty exists.
Where one study has shown optical Hα EWs and profiles indicative of accretion[72], others have
shown a lack in Hα emission[34]. Despite the occasional non-detection, there is an agreement
with the accretor description of T Cha. Our X-ray spectra and accompanying model outline
two component X-ray temperatures, with an soft cooler X-ray component of Tx =∼ 3 × 106 K
(averaged across all three observations) agreeing with Sacco et al. 2014[32]. Previous studies
on a similar pre-main sequence K star, TW Hydra, also display spectral evidence for accretion
driven shocks with similar temperatures[73] [16]. Emission features in our X-ray spectrum
may also point to this. In our spectrum, the 1 - 1.3 keV Fe/Ne blended emission feature
is typical for cooler accretion driven shocks. To accurately measure the Fe/Ne lines, high
resolution spectra is needed. The second, hotter component of the spectra is generally seen as
hot coronal emission. We determined an average temperature of Tx =∼ 25 × 106 K, which is
typical for stellar corona. The spectrum in figure 4.3 also highlights emission features due to
a stellar corona, with emission lines of elements such as Si, Mg, and Ar also appearing.
Previous studies have shown that T Cha is subject to a significant intervening absorbing
column of NH ∼ 1022 cm−2 [32]. One interpretation drawn from this is that T Cha’s steady
coronal emission is variable due to the molecular gas and dust in its disk rather then material
found closer to the star, as seen in X-ray observations face on disks such as TW Hydrae.
However our results may instead point to varying coronal in the form of flares. As seen
in table 4.1, for each of the three observations, the estimated NH stays relatively constant.
However both the X-ray luminosity and temperature T2 seem to increase during the third
observation where the flare was observed in the light curve. Looking at the light curve (figure
4.2), a steady 2x increase in flux can be seen above the supposed quiescent X-ray activity
going from the first to second observation (top and middle panel) followed by a 400% increase
in the form of a flare in the third observation(bottom panel).
We have helped uncover a possible explanation in the variation of X-ray activity of the
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4.4. T Cha’s X-ray variability and X-ray output
transition disk hosting star T Cha. Future X-ray studies like this can be used to further
understand pre-main sequence evolution and the high energy irradiation of their disks.
Table 4.1: X-ray Best fit Parameters per Observation
Parameter
Observation 1
Observation 2
Observation 3
−2
22
22
NH (cm )
(1.77 ± 0.06) × 10
(1.53 ± 0.05) × 10
(1.5 ± 0.06) × 1022
kT1 (keV)
0.32 ± 0.02
0.31 ± 0.01
0.37 ± 0.02
kT2 (keV)
1.77 ± 0.06
2.18 ± 0.06
2.42 ± 0.07
Lx (erg s−1 )
1.06 × 1030
1.31 × 1030
1.94 × 1030
Abund H-Ni (Sol)
0.8
0.8
0.8
Abund Ne (Sol)
2.5
2.5
2.5
Reduced χ2
1.0942
1.00
1.249
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Chapter 5

Conclusion
We conducted a targeted search for new members of the ϵ Cha moving group using the Gaia
EDR3 data release. Based on spatio-kinematics, we have found 98 candidates. Using SED
model fitting, the average candidate age is consistent with the current age of 5 Myr. We have
updated the disk fraction to a lower 15% while revealing 11 new stars with disks including
4 with brown dwarf hosts. Future work will use new Gaia Data Release 3 measurements
to finalize the kinematic assessment using radial velocities. We will also conduct a wide
spectroscopic campaign to measure Lithium in most of the candidates. We will also follow
up with X-ray observations to study pre-main sequence activity among the many low mass M
dwarfs that make up this sample.
One of our candidate stars TOI-1227 has been revealed as a TESS object of interest with
a high probability of hosting an exoplanet. Using ground based spectroscopic observations,
we have measured the Hα emission line EW to be -6Å and the 6708Å Li absorption line to
be 600 mÅ. These measurements along with SED fitting, show that the age of TOI-1227 is
consistent with its placement as an eCA member. However additional SED fitting using the
SPOTS model along with other work done by Mann et al. 2021 [62], constrain the age of TOI1227 to be slightly older then eCA leaving an ambiguity in TOI-1227’s true age and moving
group placement. Future work will include follow up X-ray observations to further show youth
and further estimate its age. These high energy studies will also help place constraints on
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TOI-1227b’s exoplanet atmosphere irradiation.
Using archival X-ray observations of the prominent disk hosting near solar mass pre-main
sequence star, T Cha, we have measured its X-ray emissions. We have determined that T Cha
has a more active corona than past observations. During these observations, estimates for a
time increasing Lx and Tx with a stable NH were seen. This lead us to conclude that coronal
activity and flaring are most likely responsible for T Cha’s X-ray variability during this specific
observation period. This behavior differs from previous X-ray observations where due the the
high inclination of T Cha’s disk, X-ray variability was mostly attributed to intervening gas and
dust. Spectral analysis has backed up previous studies that detail T Cha as a weak accretor
through relativity low Tx of plasma component of the spectrum. Future studies will analyze
high resolution X-ray grating spectroscopy to accurately study disk irradiation, accretion, and
coronal activity in T Cha. These can be paired with analysis of other transitional and debris
disk hosting stars to study the affect of high energy irradiation on disk and planet evolution.
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Appendix A

Tables
A.1

Table Note

Candidate names are shown as ALLWISE catalogue IDs. Values for parallax, RA, DEC,
PMRA, and PMDEC are Gaia EDR3 measurements. Parallax, RA, and DEC errors are
similar in size as those listed for PMRA and PMDEC.

A.2

Table Note

Candidate names are shown as ALLWISE catalogue IDs. Effective temperatures, masses,
and luminosities are determined from the BT-Settl model. Ages from both BT-Settl and
SPOTS models. Spectral types are determined from converting model effective temperatures
to spectral types using colors determined by Pecaut & Mamajek 2013[52].
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Table A.1: Final List of Candidates with Positions and Proper motion
Name
Parallax RA
DEC
PMRA
σP M RA
PMDEC
σP M RA
(ALLWISE)
(mas) (deg) (deg) (mas yr−1 ) (mas yr−1 ) (mas yr−1 ) (mas yr−1 )
J131720.91-725856.8 8.983 199.337 -72.982 -37.997
0.040
0.359
0.039
J115525.33-690441.0 9.028 178.856 -69.078 -37.326
0.016
-5.196
0.015
J122138.09-690838.0 9.068 185.409 -69.144 -37.074
0.025
-7.656
0.028
J121503.40-695748.6 9.114 183.764 -69.964 -37.300
0.012
-8.211
0.013
J120551.22-731045.6 9.140 181.463 -73.179 -37.642
0.030
-7.373
0.032
J120736.45-705538.0 9.148 181.902 -70.927 -37.014
0.022
-7.239
0.023
J120222.03-730313.1 9.305 180.592 -73.054 -37.626
0.012
-6.087
0.015
J120737.76-691215.2 9.329 181.907 -69.204 -38.288
0.042
-7.464
0.047
J121454.56-681602.2 9.340 183.727 -68.267 -38.710
0.088
-8.483
0.082
J120402.31-693656.5 9.343 181.009 -69.616 -37.425
0.043
-6.592
0.040
J121309.49-691153.3 9.360 183.289 -69.198 -38.697
0.092
-8.616
0.095
J120745.86-781606.5 9.370 181.941 -78.268 -38.623
0.023
-6.500
0.019
J121947.41-682346.9 9.376 184.947 -68.396 -37.612
0.016
-9.475
0.018
J115317.63-710836.4 9.385 178.323 -71.143 -37.885
0.033
-5.087
0.035
J121525.68-760330.2 9.413 183.857 -76.058 -38.202
0.046
-7.823
0.047
J123025.29-722553.8 9.430 187.605 -72.432 -38.133
0.023
-10.874
0.028
J123847.17-713951.5 9.433 189.696 -71.664 -37.679
0.016
-11.869
0.018
J125935.67-680801.2 9.454 194.898 -68.134 -37.884
0.030
-15.422
0.038
J123841.54-684558.9 9.482 189.673 -68.766 -37.211
0.076
-12.355
0.084
J123649.73-735620.2 9.492 189.207 -73.939 -41.270
0.045
-12.013
0.056
J121434.04-744640.9 9.495 183.642 -74.778 -38.847
0.020
-7.978
0.022
J124034.70-684224.6 9.505 190.145 -68.707 -37.994
0.013
-12.247
0.016
J120509.13-700414.6 9.518 181.288 -70.071 -39.201
0.015
-6.910
0.017
J124434.97-681517.5 9.521 191.145 -68.255 -37.345
0.025
-13.113
0.027
J121625.70-712340.5 9.537 184.107 -71.395 -38.162
0.015
-8.841
0.017
J140426.96-760841.9 9.538 211.112 -76.145 -37.457
0.020
-15.503
0.025
J123708.02-694612.5 9.563 189.283 -69.770 -38.920
0.200
-12.224
0.173
J131322.23-720025.0 9.567 198.342 -72.007 -39.317
0.078
-9.760
0.093
J124446.50-681248.7 9.567 191.194 -68.214 -37.270
0.037
-13.088
0.039
J115203.77-713248.5 9.574 178.016 -71.547 -39.854
0.092
-3.416
0.095
J124721.89-680840.1 9.611 191.841 -68.145 -37.873
0.013
-14.366
0.013
J124155.55-731105.2 9.620 190.481 -73.185 -39.219
0.038
-11.418
0.043
J124151.38-684444.5 9.624 190.465 -68.745 -37.220
0.017
-11.539
0.020
J123249.44-694005.1 9.634 188.206 -69.668 -38.782
0.014
-11.816
0.016
J125214.92-762827.6 9.634 193.062 -76.474 -37.579
0.021
-14.283
0.022
J124635.27-680741.9 9.646 191.647 -68.128 -39.926
0.029
-13.250
0.031
J125810.60-682446.7 9.661 194.544 -68.413 -37.691
0.014
-15.624
0.017
J124559.08-680847.8 9.666 191.496 -68.146 -38.111
0.016
-14.602
0.021
J124356.46-681237.9 9.677 190.986 -68.211 -37.798
0.027
-12.746
0.033
J121026.97-720645.2 9.688 182.612 -72.113 -39.487
0.015
-7.847
0.016
J123830.04-731558.3 9.694 189.625 -73.266 -38.741
0.018
-12.340
0.018
J123633.70-695505.2 9.699 189.140 -69.918 -38.988
0.016
-11.764
0.017
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J125712.33-711934.6
J124541.76-680646.4
J113308.27-680130.8
J124634.41-680445.9
J121602.52-710303.5
J124626.60-680511.7
J125228.50-680126.6
J121730.53-710008.4
J115237.82-705900.6
J123049.69-730444.2
J123733.73-690003.8
J124655.40-684330.1
J121054.34-750754.9
J124754.55-752531.9
J120000.97-784828.9
J123230.95-725506.9
J120037.79-784508.3
J121953.50-742009.3
J133146.27-735633.1
J121746.30-722226.0
J115929.89-723825.7
J124337.41-715951.2
J111052.04-725513.0
J112704.97-721945.8
J122704.22-722706.5
J124536.40-705344.5
J124336.50-783407.7
J123935.11-690816.7
J123923.46-724404.5
J123349.95-712528.6
J122916.99-735441.5
J124051.94-685658.5
J113409.59-780005.1
J121404.63-791351.9
J122538.21-724924.7
J103343.68-714540.4
J124757.19-760609.1
J123155.95-784832.6
J125608.27-692653.9
J105631.37-761833.4
J115211.90-704155.9
J110423.76-694921.7
J134326.70-694413.6
J113616.76-692751.5
J130717.58-684410.6
J130830.66-684448.9
J113157.87-685518.3
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9.700
9.700
9.702
9.703
9.709
9.715
9.716
9.718
9.739
9.748
9.777
9.787
9.788
9.807
9.818
9.821
9.838
9.840
9.842
9.852
9.854
9.871
9.878
9.890
9.905
9.906
9.922
9.923
9.937
9.940
9.954
9.965
9.970
9.983
9.989
9.994
10.004
10.018
10.029
10.034
10.038
10.055
10.143
10.157
10.164
10.198
10.201

194.301
191.424
173.284
191.643
184.010
191.611
193.119
184.377
178.157
187.707
189.390
191.731
182.726
191.977
180.004
188.129
180.157
184.973
202.943
184.443
179.874
190.906
167.717
171.771
186.767
191.401
190.902
189.896
189.852
188.458
187.321
190.216
173.540
183.519
186.409
158.432
191.988
187.983
194.037
164.130
178.049
166.099
205.861
174.070
196.823
197.128
172.991

-71.326
-68.113
-68.025
-68.079
-71.051
-68.087
-68.024
-71.002
-70.984
-73.079
-69.001
-68.725
-75.132
-75.426
-78.808
-72.919
-78.752
-74.336
-73.943
-72.374
-72.640
-71.998
-72.920
-72.329
-72.452
-70.896
-78.569
-69.138
-72.735
-71.425
-73.912
-68.950
-78.001
-79.231
-72.824
-71.761
-76.103
-78.809
-69.447
-76.309
-70.699
-69.823
-69.737
-69.464
-68.736
-68.747
-68.922

-37.851
-38.088
-39.831
-38.048
-39.406
-39.596
-38.150
-39.372
-37.236
-39.381
-38.496
-38.437
-39.337
-38.337
-41.364
-39.858
-41.664
-39.847
-39.145
-40.191
-40.734
-38.796
-38.902
-40.247
-40.294
-38.435
-39.600
-40.009
-40.119
-40.944
-39.029
-39.512
-42.100
-41.699
-40.830
-39.689
-40.218
-39.810
-37.244
-40.050
-41.424
-40.667
-42.817
-42.815
-39.396
-39.302
-41.494

0.027
0.013
0.014
0.012
0.016
0.055
0.012
0.016
0.014
0.025
0.037
0.017
0.022
0.030
0.020
0.013
0.080
0.013
0.014
0.014
0.029
0.037
0.032
0.027
0.026
0.040
0.104
0.013
0.019
0.022
0.147
0.013
0.013
0.021
0.016
0.096
0.031
0.016
0.050
0.017
0.048
0.021
0.012
0.018
0.012
0.012
0.014

-15.178
-12.346
-2.556
-13.440
-8.570
-13.388
-14.449
-9.298
-2.834
-10.620
-12.914
-13.753
-7.459
-13.738
-5.402
-11.269
-6.050
-8.951
-15.683
-8.639
-5.553
-13.075
1.099
-0.848
-10.808
-12.998
-13.216
-14.047
-12.442
-12.315
-10.608
-13.578
-0.988
-7.700
-10.433
8.247
-14.058
-11.535
-15.365
5.280
-5.277
2.547
-14.314
0.479
-17.577
-17.733
-2.299

0.032
0.014
0.014
0.014
0.015
0.057
0.015
0.018
0.016
0.026
0.045
0.019
0.023
0.035
0.017
0.014
0.074
0.014
0.017
0.015
0.027
0.041
0.030
0.028
0.030
0.043
0.101
0.016
0.024
0.024
0.157
0.015
0.014
0.024
0.017
0.099
0.035
0.018
0.058
0.016
0.054
0.020
0.014
0.016
0.015
0.016
0.015
A.52
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Table A.2: Candidate BT-Settl Model Parameters
Name
Teff Age (BTS) Mass
L
Age (SPOTS)
(ALLWISE)
(K)
(Myr)
(M⊙ ) (L⊙ )
(Myr)
J131720.91-725856.8 4400
19.09
1.067 0.540
12.52
J115525.33-690441.0 3000
0.00
0.000 0.112
2.01
J122138.09-690838.0 3100
3.80
0.132 0.042
1.99
J121503.40-695748.6 3500
10.41
0.431 0.096
25.07
J120551.22-731045.6 3000
4.90
0.100 0.025
10.42
J120736.45-705538.0 3100
3.67
0.134 0.043
8.98
J120222.03-730313.1 3500
9.03
0.450 0.112
19.12
J120737.76-691215.2 2900
4.88
0.069 0.015
0.00
J121454.56-681602.2 2800
6.99
0.046 0.008
0.00
J120402.31-693656.5 3000
5.71
0.100 0.023
11.34
J121309.49-691153.3 2700
8.03
0.037 0.005
0.00
J120745.86-781606.5 3100
3.99
0.130 0.037
18.52
J121947.41-682346.9 3300
5.00
0.257 0.078
15.37
J115317.63-710836.4 3100
7.74
0.110 0.019
8.65
J121525.68-760330.2 2900
4.15
0.070 0.017
9.45
J123025.29-722553.8 3000
4.34
0.102 0.029
8.90
J123847.17-713951.5 3400
4.00
0.350 0.137
12.80
J125935.67-680801.2 3300
2.26
0.291 0.151
3.98
J123841.54-684558.9 3400
4.68
0.350 0.125
10.43
J123649.73-735620.2 3400
3.64
0.350 0.153
7.47
J121434.04-744640.9 3100
3.96
0.130 0.039
10.31
J124034.70-684224.6 3200
2.44
0.215 0.102
6.67
J120509.13-700414.6 3500
6.72
0.450 0.140
8.90
J124434.97-681517.5 3100
5.40
0.110 0.025
5.03
J121625.70-712340.5 3200
4.17
0.199 0.059
6.29
J140426.96-760841.9 3200
6.83
0.169 0.035
20.56
J123708.02-694612.5 2500
8.82
0.020 0.003
0.00
J131322.23-720025.0 2700
6.99
0.037 0.005
0.00
J124446.50-681248.7 3000
4.81
0.100 0.025
0.00
J115203.77-713248.5 2600
3.46
0.000 0.005
0.00
J124721.89-680840.1 4300
10.44
0.000 0.614
7.94
J124155.55-731105.2 3400
2.38
0.367 0.212
4.45
J124151.38-684444.5 3300
5.04
0.256 0.077
4.37
J123249.44-694005.1 3200
4.17
0.199 0.059
9.95
J125214.92-762827.6 3100
3.16
0.144 0.048
13.12
J124635.27-680741.9 3000
0.00
0.101 0.027
9.61
J125810.60-682446.7 3300
4.54
0.265 0.088
12.59
J124559.08-680847.8 3100
1.15
0.150 0.109
4.31
J124356.46-681237.9 3200
3.41
0.203 0.076
10.34
J121026.97-720645.2 3500
15.34
0.449 0.082
22.37
J123830.04-731558.3 3200
4.62
0.193 0.055
11.15
J123633.70-695505.2 3300
5.85
0.253 0.071
11.45
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SpT
K5
M5.5
M4.5
M2
M5
M4.5
M2
M5.5
M6
M5
M6.5
M4.5
M3.5
M4.5
M5.5
M5
M3
M3.5
M3
M3
M4.5
M4
M2
M4.5
M4
M4
M8
M0.5
M5
M7
K6.5
M3
M3.5
M4
M4.5
M5
M3.5
M4.5
M4
M2
M4
M3.5
A.53
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J125712.33-711934.6
J124541.76-680646.4
J113308.27-680130.8
J124634.41-680445.9
J121602.52-710303.5
J124626.60-680511.7
J125228.50-680126.6
J121730.53-710008.4
J115237.82-705900.6
J123049.69-730444.2
J123733.73-690003.8
J124655.40-684330.1
J121054.34-750754.9
J124754.55-752531.9
J120000.97-784828.9
J123230.95-725506.9
J120037.79-784508.3
J121953.50-742009.3
J133146.27-735633.1
J121746.30-722226.0
J115929.89-723825.7
J124337.41-715951.2
J111052.04-725513.0
J112704.97-721945.8
J122704.22-722706.5
J124536.40-705344.5
J124336.50-783407.7
J123935.11-690816.7
J123923.46-724404.5
J123349.95-712528.6
J122916.99-735441.5
J124051.94-685658.5
J113409.59-780005.1
J121404.63-791351.9
J122538.21-724924.7
J103343.68-714540.4
J124757.19-760609.1
J123155.95-784832.6
J125608.27-692653.9
J105631.37-761833.4
J115211.90-704155.9
J110423.76-694921.7
J134326.70-694413.6
J113616.76-692751.5
J130717.58-684410.6
J130830.66-684448.9
J113157.87-685518.3
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3000
4200
3400
4000
3700
3000
3600
3200
3300
3100
3200
3200
3000
2900
3100
3200
3000
3300
3500
3400
3000
3000
3000
3100
3000
3100
3500
3300
3300
3100
2500
3400
3400
3100
3100
2900
2900
3400
2000
3200
2900
3300
3600
3200
3400
3500
3400

5.96
13.83
8.97
8.40
10.13
2.93
10.17
4.71
3.29
5.70
2.98
4.33
2.72
3.95
1.99
2.92
10.03
3.94
7.26
6.94
4.99
6.02
2.00
5.00
5.82
1.71
2.93
5.49
1.08
3.96
1.99
1.19
6.28
3.81
1.27
18.44
3.99
5.22
0.00
4.89
6.33
6.11
27.02
2.64
7.01
5.79
8.83

0.099
0.669
0.350
1.007
0.652
0.106
0.531
0.191
0.278
0.110
0.209
0.197
0.108
0.075
0.155
0.210
0.000
0.273
0.450
0.350
0.100
0.090
0.110
0.111
0.100
0.151
0.479
0.254
0.305
0.130
0.020
0.439
0.350
0.132
0.150
0.070
0.075
0.350
0.000
0.185
0.061
0.252
0.553
0.213
0.350
0.450
0.350

0.022
0.455
0.080
0.452
0.186
0.038
0.136
0.054
0.112
0.024
0.088
0.057
0.044
0.023
0.083
0.091
0.011
0.102
0.129
0.096
0.026
0.018
0.056
0.026
0.023
0.094
0.273
0.073
0.272
0.039
0.004
0.386
0.100
0.042
0.104
0.006
0.024
0.112
0.190
0.052
0.010
0.066
0.076
0.098
0.093
0.158
0.081

0.00
12.66
14.90
7.98
11.23
6.94
19.95
27.92
6.02
5.62
5.63
15.90
8.91
11.26
4.03
7.93
0.00
9.99
14.97
16.35
10.05
0.00
6.61
9.94
11.67
5.02
3.07
11.22
2.46
17.77
0.00
1.87
22.41
9.60
4.47
0.00
11.13
12.59
0.00
11.94
0.00
19.95
37.09
5.00
17.56
10.06
22.31

M5
K6
M3.5
K7
M0.5
M5
M1
M4
M4.5
M4.5
M4
M4
M5
M5.5
M4.5
M4
M5.5
M3.5
M2
M3.5
M5.5
M5
M5.5
M4.5
M5
M4.5
M2.5
M3.5
M3.5
M4.5
M8
M3
M3.5
M4.5
M4.5
M5.5
M5.5
M3
L4
M4
M5.5
M3.5
M1
M4
M3
M2
M3.5
A.54

BIBLIOGRAPHY

Bibliography
[1] Jonathan Gagné, Eric E. Mamajek, Lison Malo, Adric Riedel, David Rodriguez, David
Lafrenière, Jacqueline K. Faherty, Olivier Roy-Loubier, Laurent Pueyo, Annie C. Robin,
and René Doyon. BANYAN. XI. The BANYAN Multivariate Bayesian Algorithm to
Identify Members of Young Associations with 150 pc. The Astrophysical Journal, 856:23,
March 2018. ADS Bibcode: 2018ApJ...856...23G. (document), 1.2, 1.1
[2] Adam Burrows, W. B. Hubbard, J. I. Lunine, and James Liebert. The theory of brown
dwarfs and extrasolar giant planets. Reviews of Modern Physics, 73:719–765, July 2001.
ADS Bibcode: 2001RvMP...73..719B. (document), 2.11, 2.11
[3] Simon J. Murphy, Warrick A. Lawson, and Michael S. Bessell. Re-examining the membership and origin of the Cha association. Monthly Notices of the Royal Astronomical
Society, 435(2):1325–1349, October 2013. (document), 1.2, 2.1, 2.9, 2.10, 3.4
[4] Frank H. Shu, Fred C. Adams, and Susana Lizano. Star formation in molecular clouds:
observation and theory. Annual Review of Astronomy and Astrophysics, 25:23–81, 1987.
1.1
[5] H. J. Habing, C. Dominik, R. J. Laureijs, M. F. Kessler, K. Leech, L. Metcalfe, A. Salama,
R. Siebenmorgen, N. Trams, and P. Bouchet. Incidence and survival of remnant disks
around main-sequence stars. A&A, 365(3):545–561, January 2001. Number: 3 Publisher:
EDP Sciences. 1.1

BIBLIOGRAPHY

55

BIBLIOGRAPHY
[6] Karen M. Strom, Stephen E. Strom, Suzan Edwards, Sylvie Cabrit, and Michael F.
Skrutskie. Circumstellar Material Associated with Solar-Type Pre-Main-Sequence Stars:
A Possible Constraint on the Timescale for Planet Building. The Astronomical Journal,
97:1451, May 1989. ADS Bibcode: 1989AJ.....97.1451S. 1.1
[7] Steven M. Silverberg, John P. Wisniewski, Marc J. Kuchner, Kellen D. Lawson, Alissa S.
Bans, John H. Debes, Joseph R. Biggs, Milton K. D. Bosch, Katharina Doll, Hugo A. Durantini Luca, Alexandru Enachioaie, Joshua Hamilton, Jonathan Holden, and Michiharu Hyogo and. Peter Pan Disks: Long-lived Accretion Disks Around Young M Stars.
ApJ, 890(2):106, February 2020. Publisher: American Astronomical Society. 1.1
[8] Jonathan P. Williams and Lucas A. Cieza. Protoplanetary Disks and Their Evolution.
Annual Review of Astronomy and Astrophysics, 49(1):67–117, September 2011. 1.1
[9] Andrew N. Youdin and Eugene I. Chiang.
mation.

Particle Pileups and Planetesimal For-

The Astrophysical Journal, 601:1109–1119, February 2004.

ADS Bibcode:

2004ApJ...601.1109Y. 1.1
[10] D. R. Soderblom, M. S. Oey, D. R. H. Johnson, and R. P. S. Stone. The Evolution of the
Lithium Abundances of Solar-Type Stars. I. The Hyades and Coma Berenices Clusters.
The Astronomical Journal, 99:595, February 1990. ADS Bibcode: 1990AJ.....99..595S.
1.2, 3.4
[11] Joel Kastner, Katelyn Allers, Brendan Bowler, Thayne Currie, Jeremy Drake, Trent
Dupuy, Jackie Faherty, Jonathan Gagne, Michael Liu, Eric Mamajek, Dimitri Mawet,
Evgenya Shkolnik, Inseok Song, Russel White, and Ben Zuckerman. The Early Evolution
of Stars and Exoplanet Systems: Exploring and Exploiting Nearby, Young Stars. Bulletin
of the AAS, 51(3), May 2019. 1.2
[12] D. Katz, P. Sartoretti, A. Guerrier, P. Panuzzo, G. M. Seabroke, F. Thévenin, M. Cropper, K. Benson, R. Blomme, R. Haigron, O. Marchal, M. Smith, S. Baker, L. Chemin,
Y. Damerdji, M. David, C. Dolding, Y. Frémat, E. Gosset, K. Janßen, G. Jasniewicz,
BIBLIOGRAPHY

56

BIBLIOGRAPHY
A. Lobel, G. Plum, N. Samaras, O. Snaith, C. Soubiran, O. Vanel, T. Zwitter, T. Antoja,
F. Arenou, C. Babusiaux, N. Brouillet, E. Caffau, P. Di Matteo, C. Fabre, C. Fabricius, F. Frakgoudi, M. Haywood, H. E. Huckle, C. Hottier, Y. Lasne, N. Leclerc,
A. Mastrobuono-Battisti, F. Royer, D. Teyssier, J. Zorec, F. Crifo, A. Jean-Antoine
Piccolo, C. Turon, and Y. Viala. Gaia Data Release 3 Properties and validation of the
radial velocities, June 2022. arXiv:2206.05902 [astro-ph]. 1.2, 2.4
[13] J. H. Kastner, B. Zuckerman, D. A. Weintraub, and T. Forveille. X-ray and molecular
emission from the nearest region of recent star formation. Science, 277:67–71, January
1997. ADS Bibcode: 1997Sci...277...67K. 1.2, 1.4
[14] Inseok Song, B. Zuckerman, and M. S. Bessell. New Members of the TW Hydrae Association, Pictoris Moving Group, and Tucana/Horologium Association. The Astrophysical
Journal, 599:342–350, December 2003. ADS Bibcode: 2003ApJ...599..342S. 1.2
[15] Catherine Walsh, Ryan A. Loomis, Karin I. Oberg, Mihkel Kama, Merel L. R. van ’t
Hoff, Tom J. Millar, Yuri Aikawa, Eric Herbst, Susanna L. Widicus Weaver, and Hideko
Nomura. First detection of gas-phase methanol in a protoplanetary disk. ApJ, 823(1):L10,
May 2016. arXiv:1606.06492 [astro-ph]. 1.2
[16] N. S. Brickhouse, S. R. Cranmer, A. K. Dupree, G. J. M. Luna, and S. Wolk. A Deep
Chandra X-Ray Spectrum of the Accreting Young Star TW Hydrae. The Astrophysical
Journal, 710:1835–1847, February 2010. ADS Bibcode: 2010ApJ...710.1835B. 1.2, 4.3,
4.4
[17] Sean M. Andrews, David J. Wilner, Zhaohuan Zhu, Tilman Birnstiel, John M. Carpenter,
Laura M. Perez, Xue-Ning Bai, Karin I. Oberg, A. Meredith Hughes, Andrea Isella, and
Luca Ricci. Ringed Substructure and a Gap at 1 AU in the Nearest Protoplanetary Disk.
ApJ, 820(2):L40, March 2016. arXiv:1603.09352 [astro-ph]. 1.2

BIBLIOGRAPHY

57

BIBLIOGRAPHY
[18] Eric E. Mamajek and Cameron P. M. Bell. On the age of the Pictoris moving group.
Monthly Notices of the Royal Astronomical Society, 445:2169–2180, December 2014. ADS
Bibcode: 2014MNRAS.445.2169M. 1.2
[19] M. Simon and G. H. Schaefer.

Measured Diameters of Two F Stars in the

Pic

Moving Group. The Astrophysical Journal, 743:158, December 2011. ADS Bibcode:
2011ApJ...743..158S. 1.2, 1.5
[20] Edward L. Wright, Peter R. M. Eisenhardt, Amy K. Mainzer, Michael E. Ressler, Roc M.
Cutri, Thomas Jarrett, J. Davy Kirkpatrick, Deborah Padgett, Robert S. McMillan,
Michael Skrutskie, S. A. Stanford, Martin Cohen, Russell G. Walker, John C. Mather,
David Leisawitz, Thomas N. Gautier, III, Ian McLean, Dominic Benford, Carol J. Lonsdale, Andrew Blain, Bryan Mendez, William R. Irace, Valerie Duval, Fengchuan Liu,
Don Royer, Ingolf Heinrichsen, Joan Howard, Mark Shannon, Martha Kendall, Amy L.
Walsh, Mark Larsen, Joel G. Cardon, Scott Schick, Mark Schwalm, Mohamed Abid,
Beth Fabinsky, Larry Naes, and Chao-Wei Tsai. The Wide-field Infrared Survey Explorer (WISE): Mission Description and Initial On-orbit Performance. The Astronomical
Journal, 140:1868–1881, December 2010. ADS Bibcode: 2010AJ....140.1868W. 1.2, 2.6
[21] Bertrand Goldman, Siegfried Röser, Elena Schilbach, Attila C. Moór, and Thomas Henning. A Large Moving Group within the Lower Centaurus Crux Association. ApJ,
868(1):32, November 2018. Publisher: American Astronomical Society. 1.2, 2.5, 2.10
[22] K. Kubiak, K. Mužić, I. Sousa, V. Almendros-Abad, R. Köhler, and A. Scholz. New
low-mass members of Chamaeleon I and $\epsilon$ Cha. A&A, 650:A48, June 2021.
arXiv:2102.05589 [astro-ph]. 1.2, 2.10
[23] D. Annie Dickson-Vandervelde, Emily C. Wilson, and Joel H. Kastner. Gaia-based
Isochronal, Kinematic, and Spatial Analysis of the Cha Association. AJ, 161(2):87,
January 2021. Publisher: American Astronomical Society. 1.2, 2.1, 2.4, 2.9

BIBLIOGRAPHY

58

BIBLIOGRAPHY
[24] T. Trifonov, M. Kürster, M. Zechmeister, L. Tal-Or, J. A. Caballero, A. Quirrenbach,
P. J. Amado, I. Ribas, A. Reiners, S. Reffert, S. Dreizler, A. P. Hatzes, A. Kaminski,
R. Launhardt, Th Henning, D. Montes, V. J. S. Béjar, R. Mundt, A. Pavlov, J. H.
M. M. Schmitt, W. Seifert, J. C. Morales, G. Nowak, S. V. Jeffers, C. Rodríguez-López,
C. del Burgo, G. Anglada-Escudé, J. López-Santiago, R. J. Mathar, M. Ammler-von Eiff,
E. W. Guenther, D. Barrado, J. I. González Hernández, L. Mancini, J. Stürmer, M. Abril,
J. Aceituno, F. J. Alonso-Floriano, R. Antona, H. Anwand-Heerwart, B. Arroyo-Torres,
M. Azzaro, D. Baroch, F. F. Bauer, S. Becerril, D. Benítez, Z. M. Berdiñas, G. Bergond,
M. Blümcke, M. Brinkmöller, J. Cano, M. C. Cárdenas Vázquez, E. Casal, C. Cifuentes,
A. Claret, J. Colomé, M. Cortés-Contreras, S. Czesla, E. Díez-Alonso, C. Feiz, M. Fernández, I. M. Ferro, B. Fuhrmeister, D. Galadí-Enríquez, A. Garcia-Piquer, M. L. García Vargas, L. Gesa, V. Gómez Galera, R. González-Peinado, U. Grözinger, S. Grohnert,
J. Guàrdia, A. Guijarro, E. de Guindos, J. Gutiérrez-Soto, H.-J. Hagen, P. H. Hauschildt,
R. P. Hedrosa, J. Helmling, I. Hermelo, R. Hernández Arabí, L. Hernández Castaño,
F. Hernández Hernando, E. Herrero, A. Huber, P. Huke, E. Johnson, E. de Juan,
M. Kim, R. Klein, J. Klüter, A. Klutsch, M. Lafarga, M. Lampón, L. M. Lara, W. Laun,
U. Lemke, R. Lenzen, M. López del Fresno, M. J. López-González, M. López-Puertas,
J. F. López Salas, R. Luque, H. Magán Madinabeitia, U. Mall, H. Mandel, E. Marfil,
J. A. Marín Molina, D. Maroto Fernández, E. L. Martín, S. Martín-Ruiz, C. J. Marvin, E. Mirabet, A. Moya, M. E. Moreno-Raya, E. Nagel, V. Naranjo, L. Nortmann,
A. Ofir, R. Oreiro, E. Pallé, J. Panduro, J. Pascual, V. M. Passegger, S. Pedraz, A. PérezCalpena, D. Pérez Medialdea, M. Perger, M. a. C. Perryman, M. Pluto, O. Rabaza,
A. Ramón, R. Rebolo, P. Redondo, S. Reinhardt, P. Rhode, H.-W. Rix, F. Rodler, E. Rodríguez, A. Rodríguez Trinidad, R.-R. Rohloff, A. Rosich, S. Sadegi, E. Sánchez-Blanco,
M. A. Sánchez Carrasco, A. Sánchez-López, J. Sanz-Forcada, P. Sarkis, L. F. Sarmiento,
S. Schäfer, J. Schiller, P. Schöfer, A. Schweitzer, E. Solano, O. Stahl, J. B. P. Strachan,
J. C. Suárez, H. M. Tabernero, M. Tala, S. M. Tulloch, G. Veredas, J. I. Vico Linares,
F. Vilardell, K. Wagner, J. Winkler, V. Wolthoff, W. Xu, F. Yan, and M. R. Zapatero Os-

BIBLIOGRAPHY

59

BIBLIOGRAPHY
orio. The CARMENES search for exoplanets around M dwarfs . First visual-channel
radial-velocity measurements and orbital parameter updates of seven M-dwarf planetary
systems. Astronomy and Astrophysics, 609:A117, February 2018. 1.3
[25] A. S. Binks, R. D. Jeffries, G. G. Sacco, R. J. Jackson, L. Cao, A. Bayo, M. Bergemann,
R. Bonito, G. Gilmore, A. Gonneau, F. Jiminéz-Esteban, L. Morbidelli, S. Randich,
V. Roccatagliata, R. Smiljanic, and S. Zaggia. The Gaia-ESO survey: constraining evolutionary models and ages for young low mass stars with measurements of lithium depletion
and rotation. Monthly Notices of the Royal Astronomical Society, 513:5727–5751, July
2022. ADS Bibcode: 2022MNRAS.513.5727B. 1.3
[26] C. Hayashi and T. Nakano. Evolution of Stars of Small Masses in the Pre-Main-Sequence
Stages.

Progress of Theoretical Physics, 30:460–474, October 1963.

ADS Bibcode:

1963PThPh..30..460H. 1.3
[27] Shiv S. Kumar. The Structure of Stars of Very Low Mass. The Astrophysical Journal,
137:1121, May 1963. ADS Bibcode: 1963ApJ...137.1121K. 1.3
[28] Samuel Pearson, Aleks Scholz, Paula S Teixeira, Koraljka Mužić, and Jochen Eislöffel.
The brown dwarf population in the star-forming region NGC 2264. Monthly Notices of
the Royal Astronomical Society, 499(2):2292–2302, October 2020. 1.3
[29] Eric D. Feigelson and Thierry Montmerle. High-Energy Processes in Young Stellar Objects. Annu. Rev. Astron. Astrophys., 37(1):363–408, September 1999. 1.4
[30] P. C. Schneider and J. H. M. M. Schmitt. X-raying the AU Microscopii debris disk.
Astronomy and Astrophysics, Volume 516, id.A8, <NUMPAGES>10</NUMPAGES>
pp., 516:A8, June 2010. 1.4
[31] Shinsuke Takasao, Kengo Tomida, Kazunari Iwasaki, and Takeru K. Suzuki. Giant Protostellar Flares: Accretion-driven Accumulation and Reconnection-driven Ejection of Magnetic Flux in Protostars. ApJL, 878(1):L10, June 2019. Publisher: American Astronomical
Society. 1.4
BIBLIOGRAPHY

60

BIBLIOGRAPHY
[32] G. G. Sacco, J. H. Kastner, T. Forveille, D. Principe, R. Montez, B. Zuckerman, and
P. Hily-Blant. Molecules in the transition disk orbiting T Chamaeleontis. A&A, 561:A42,
January 2014. 1.4, 4.1, 4.3, 4.4
[33] Nathanial P. Hendler, Paola Pinilla, Ilaria Pascucci, Adriana Pohl, Gijs Mulders, Thomas
Henning, Ruobing Dong, Cathie Clarke, James Owen, and David Hollenbach. A likely
planet-induced gap in the disc around T Cha. Monthly Notices of the Royal Astronomical
Society, 475:L62–L66, March 2018. ADS Bibcode: 2018MNRAS.475L..62H. 1.4, 4.4
[34] Eoin Cahill, Emma T. Whelan, Nuria Huélamo, and Juan Alcalá. UVES spectroscopy of
T Chamaeleontis: line variability, mass accretion rate, and spectro-astrometric analysis.
Monthly Notices of the Royal Astronomical Society, 484:4315–4324, April 2019. ADS
Bibcode: 2019MNRAS.484.4315C. 1.4, 4.4
[35] Andrew W. Mann, Elisabeth R. Newton, Aaron C. Rizzuto, Jonathan Irwin, Gregory A.
Feiden, Eric Gaidos, Gregory N. Mace, Adam L. Kraus, David J. James, Megan Ansdell, David Charbonneau, Kevin R. Covey, Michael J. Ireland, Daniel T. Jaffe, Marshall C. Johnson, Benjamin Kidder, and Andrew Vanderburg. ZODIACAL EXOPLANETS IN TIME (ZEIT). III. A SHORT-PERIOD PLANET ORBITING A PRE-MAINSEQUENCE STAR IN THE UPPER SCORPIUS OB ASSOCIATION. AJ, 152(3):61,
August 2016. Publisher: American Astronomical Society. 1.5
[36] Brett C. Addison, Jonathan Horner, Robert A. Wittenmyer, Alexis Heitzmann, Peter
Plavchan, Duncan J. Wright, Belinda A. Nicholson, Jonathan P. Marshall, Jake T. Clark,
Maximilian N. Gunther, Stephen R. Kane, Teruyuki Hirano, Songhu Wang, John Kielkopf,
Avi Shporer, C. G. Tinney, Hui Zhang, Sarah Ballard, Brendan P. Bowler, Matthew W.
Mengel, Jack Okumura, Eric Gaidos, and Xian-Yu Wang. AU Mic b is the Youngest
Planet to have a Spin-Orbit Alignment Measurement. AJ, 162(4):137, October 2021.
arXiv:2006.13675 [astro-ph]. 1.5
[37] A. M. Lagrange, Nadège Meunier, Pascal Rubini, Miriam Keppler, Franck Galland, Eric
Chapellier, Eric Michel, Luis Balona, Hervé Beust, Tristan Guillot, Antoine Grandjean,
BIBLIOGRAPHY

61

BIBLIOGRAPHY
Simon Borgniet, Djamel Mékarnia, Paul Anthony Wilson, Flavien Kiefer, Mickael Bonnefoy, Jorge Lillo-Box, Blake Pantoja, Matias Jones, Daniela Paz Iglesias, Laetitia Rodet,
Matias Diaz, Abner Zapata, Lyu Abe, and François-Xavier Schmider. Evidence for an
additional planet in the Pictoris system. Nature Astronomy, 3:1135–1142, August 2019.
ADS Bibcode: 2019NatAs...3.1135L. 1.5
[38] Trevor J. David, Lynne A. Hillenbrand, Erik A. Petigura, John M. Carpenter, Ian J. M.
Crossfield, Sasha Hinkley, David R. Ciardi, Andrew W. Howard, Howard T. Isaacson,
Ann Marie Cody, Joshua E. Schlieder, Charles A. Beichman, and Scott A. Barenfeld.
A Neptune-sized transiting planet closely orbiting a 5-10-million-year-old star. Nature,
534(7609):658–661, June 2016. arXiv:1606.06729 [astro-ph]. 1.5
[39] Aaron C. Rizzuto, Elisabeth R. Newton, Andrew W. Mann, Benjamin M. Tofflemire,
Andrew Vanderburg, Adam L. Kraus, Mackenna L. Wood, Samuel N. Quinn, George
Zhou, Pa Chia Thao, Nicholas M. Law, Carl Ziegler, and Cesar Briceno. TESS Hunt for
Young and Maturing Exoplanets (THYME) II: A 17 Myr Old Transiting Hot Jupiter in
the Sco-Cen Association. AJ, 160(1):33, June 2020. arXiv:2005.00013 [astro-ph]. 1.5
[40] U. Gorti and D. Hollenbach. PHOTOEVAPORATION OF CIRCUMSLAR DISKS BY
FAR-ULTRAVIOLET, EXTREME-ULTRAVIOLET AND X-RAY RADIATION FROM
THE CENTRAL STAR. ApJ, 690(2):1539–1552, December 2008. Publisher: American
Astronomical Society. 1.5
[41] A. E. Glassgold, J. Najita, and J. Igea. X-Ray Ionization of Protoplanetary Disks. ApJ,
480(1):344, May 1997. Publisher: IOP Publishing. 1.5
[42] Jeremy J. Drake, Barbara Ercolano, Ettore Flaccomio, and Giusi Micela.

X-ray

Photoevaporation-Starved T Tauri Accretion. The Astrophysical Journal, 699:L35–L38,
July 2009. ADS Bibcode: 2009ApJ...699L..35D. 1.5

BIBLIOGRAPHY

62

BIBLIOGRAPHY
[43] Arthur Young, Andrew Skumanich, John R. Stauffer, Bernard W. Bopp, and Eugene Harlan. A Study of Excess H alpha Emission in Chromospherically Active M Dwarf Stars. The
Astrophysical Journal, 344:427, September 1989. ADS Bibcode: 1989ApJ...344..427Y. 1.5
[44] M. Riello, F. De Angeli, D. W. Evans, P. Montegriffo, J. M. Carrasco, G. Busso,
L. Palaversa, P. W. Burgess, C. Diener, M. Davidson, N. Rowell, C. Fabricius, C. Jordi,
M. Bellazzini, E. Pancino, D. L. Harrison, C. Cacciari, F. van Leeuwen, N. C. Hambly,
S. T. Hodgkin, P. J. Osborne, G. Altavilla, M. A. Barstow, A. G. A. Brown, M. Castellani,
S. Cowell, F. De Luise, G. Gilmore, G. Giuffrida, S. Hidalgo, G. Holland, S. Marinoni,
C. Pagani, A. M. Piersimoni, L. Pulone, S. Ragaini, M. Rainer, P. J. Richards, N. Sanna,
N. A. Walton, M. Weiler, and A. Yoldas. Gaia Early Data Release 3: Photometric content
and validation. A&A, 649:A3, May 2021. 2.2
[45] B. Zuckerman and Inseok Song. Young Stars Near the Sun. Annual Review of Astronomy
and Astrophysics, 42(1):685–721, September 2004. 2.4
[46] Jonathan Gagné, Jacqueline K. Faherty, Leslie Moranta, and Mark Popinchalk. A Number of nearby Moving Groups May Be Fragments of Dissolving Open Clusters. The
Astrophysical Journal, 915:L29, July 2021. ADS Bibcode: 2021ApJ...915L..29G. 2.4
[47] Jonathan Gagné, Jacqueline K. Faherty, Eric E. Mamajek, Lison Malo, René Doyon,
Joseph C. Filippazzo, Alycia J. Weinberger, Jessica K. Donaldson, Sébastien Lépine,
David Lafrenière, Étienne Artigau, Adam J. Burgasser, Dagny Looper, Anne Boucher,
Yuri Beletsky, Sara Camnasio, Charles Brunette, and Geneviève Arboit. BANYAN. IX.
The Initial Mass Function and Planetary-mass Object Space Density of the TW HYA
Association. The Astrophysical Journal Supplement Series, 228:18, February 2017. ADS
Bibcode: 2017ApJS..228...18G. 2.4
[48] M. F. Skrutskie, R. M. Cutri, R. Stiening, M. D. Weinberg, S. Schneider, J. M. Carpenter, C. Beichman, R. Capps, T. Chester, J. Elias, J. Huchra, J. Liebert, C. Lonsdale,
D. G. Monet, S. Price, P. Seitzer, T. Jarrett, J. D. Kirkpatrick, J. E. Gizis, E. Howard,
T. Evans, J. Fowler, L. Fullmer, R. Hurt, R. Light, E. L. Kopan, K. A. Marsh, H. L.
BIBLIOGRAPHY

63

BIBLIOGRAPHY
McCallon, R. Tam, S. Van Dyk, and S. Wheelock. The Two Micron All Sky Survey
(2MASS). The Astronomical Journal, 131:1163–1183, February 2006. ADS Bibcode:
2006AJ....131.1163S. 2.6
[49] M. Wenger, F. Ochsenbein, D. Egret, P. Dubois, F. Bonnarel, S. Borde, F. Genova, G. Jasniewicz, S. Laloë, S. Lesteven, and R. Monier. The SIMBAD astronomical database. The
CDS reference database for astronomical objects. Astronomy and Astrophysics Supplement Series, 143:9–22, April 2000. 2.6
[50] A. Bayo, C. Rodrigo, D. Barrado Y Navascués, E. Solano, R. Gutiérrez, M. MoralesCalderón, and F. Allard. VOSA: virtual observatory SED analyzer. An application to the
Collinder 69 open cluster. Astronomy and Astrophysics, 492(1):277–287, December 2008.
2.6
[51] I. Baraffe, D. Homeier, F. Allard, and G. Chabrier. New evolutionary models for pre-main
sequence and main sequence low-mass stars down to the hydrogen-burning limit. A&A,
577:A42, May 2015. arXiv:1503.04107 [astro-ph]. 2.6
[52] Mark J. Pecaut and Eric E. Mamajek. Intrinsic Colors, Temperatures, and Bolometric
Corrections of Pre-main-sequence Stars. The Astrophysical Journal Supplement Series,
208:9, September 2013. ADS Bibcode: 2013ApJS..208....9P. 2.6, 2.8, A.2
[53] H. H. Aumann, F. C. Gillett, C. A. Beichman, T. de Jong, J. R. Houck, F. J. Low,
G. Neugebauer, R. G. Walker, and P. R. Wesselius. Discovery of a shell around alpha Lyrae.

The Astrophysical Journal, 278:L23–L27, March 1984.

ADS Bibcode:

1984ApJ...278L..23A. 2.8
[54] Alex S. Binks and Robin D. Jeffries. A WISE-based search for debris discs amongst
M-dwarfs in nearby, young, moving groups. Monthly Notices of the Royal Astronomical
Society, 469(1):579–593, July 2017. arXiv:1611.07416 [astro-ph]. 2.8
[55] C. Espaillat, J. Muzerolle, J. Najita, S. Andrews, Z. Zhu, N. Calvet, S. Kraus,
J. Hashimoto, A. Kraus, and P. D’Alessio. An Observational Perspective of Transitional
BIBLIOGRAPHY

64

BIBLIOGRAPHY
Disks. eprint: arXiv:1402.7103, January 2014. Conference Name: Protostars and Planets
VI Pages: 497 ADS Bibcode: 2014prpl.conf..497E. 2.8
[56] Maria C. Schutte, Kellen D. Lawson, John P. Wisniewski, Marc J. Kuchner, Steven M. Silverberg, Jacqueline K. Faherty, Daniella C. Bardalez Gagliuffi, Rocio Kiman, Jonathan
Gagné, Aaron Meisner, Adam C. Schneider, Alissa S. Bans, John H. Debes, Natalie
Kovacevic, Milton K. D. Bosch, Hugo A. Durantini Luca, Jonathan Holden, and Michiharu Hyogo and. Discovery of a Nearby Young Brown Dwarf Disk. AJ, 160(4):156,
September 2020. Publisher: American Astronomical Society. 2.8
[57] Nicholas J. Wright, Elisabeth R. Newton, Peter K. G. Williams, Jeremy J. Drake, and
Rakesh K. Yadav. The stellar rotation-activity relationship in fully convective M dwarfs.
Monthly Notices of the Royal Astronomical Society, 479:2351–2360, September 2018. ADS
Bibcode: 2018MNRAS.479.2351W. 2.9
[58] Garrett Somers, Lyra Cao, and Marc H. Pinsonneault. The SPOTS Models: A Grid of
Theoretical Stellar Evolution Tracks and Isochrones for Testing the Effects of Starspots
on Structure and Colors. ApJ, 891(1):29, March 2020. Publisher: American Astronomical
Society. 2.9
[59] Warrick A. Lawson and Lisa A. Crause. Rotation periods for stars of the TW Hydrae
association: the evidence for two spatially and rotationally distinct pre-main-sequence
populations. Monthly Notices of the Royal Astronomical Society, 357:1399–1406, March
2005. ADS Bibcode: 2005MNRAS.357.1399L. 2.10
[60] N. Miret-Roig, P. a. B. Galli, W. Brandner, H. Bouy, D. Barrado, J. Olivares, T. Antoja,
M. Romero-Gómez, F. Figueras, and J. Lillo-Box. Dynamical traceback age of the Pictoris
moving group. Astronomy and Astrophysics, 642:A179, October 2020. 2.10
[61] Jon M. Jenkins, Hema Chandrasekaran, Sean D. McCauliff, Douglas A. Caldwell, Peter
Tenenbaum, Jie Li, Todd C. Klaus, Miles T. Cote, and Christopher Middour. Transiting

BIBLIOGRAPHY

65

BIBLIOGRAPHY
planet search in the Kepler pipeline. page 77400D, San Diego, California, USA, July 2010.
3.1
[62] Andrew W. Mann, Mackenna L. Wood, Stephen P. Schmidt, Madyson G. Barber,
James E. Owen, Benjamin M. Tofflemire, Elisabeth R. Newton, Eric E. Mamajek,
Jonathan L. Bush, Gregory N. Mace, Adam L. Kraus, Pa Chia Thao, Andrew Vanderburg, Joe Llama, Christopher M. Johns-Krull, L. Prato, Asa G. Stahl, Shih-Yun Tang,
Matthew J. Fields, Karen A. Collins, Kevin I. Collins, Tianjun Gan, Eric L. N. Jensen,
Jacob Kamler, Richard P. Schwarz, Elise Furlan, Crystal L. Gnilka, Steve B. Howell,
Kathryn V. Lester, Dylan A. Owens, Olga Suarez, Djamel Mekarnia, Tristan Guillot,
Lyu Abe, Amaury H. M. J. Triaud, Marshall C. Johnson, Reilly P. Milburn, Aaron C.
Rizzuto, Samuel N. Quinn, Ronan Kerr, George R. Ricker, Roland Vanderspek, David W.
Latham, Sara Seager, Joshua N. Winn, Jon M. Jenkins, Natalia M. Guerrero, Avi Shporer, Joshua E. Schlieder, Brian McLean, and Bill Wohler. TESS Hunt for Young and
Maturing Exoplanets (THYME) VI: an 11 Myr giant planet transiting a very low-mass
star in Lower Centaurus Crux. AJ, 163(4):156, April 2022. arXiv:2110.09531 [astro-ph].
3.1, 3.4, 5
[63] A. Natta, L. Testi, J. Muzerolle, S. Randich, F. Comerón, and P. Persi. Accretion in
brown dwarfs: An infrared view. Astronomy and Astrophysics, 424:603–612, September
2004. 3.3
[64] Rocio Kiman, Jacqueline K. Faherty, Kelle L. Cruz, Jonathan Gagné, Ruth Angus,
Sarah J. Schmidt, Andrew W. Mann, Daniella C. Bardalez Gagliuffi, and Emily Rice.
Calibration of the H Age-Activity Relation for M Dwarfs. The Astronomical Journal,
161:277, June 2021. ADS Bibcode: 2021AJ....161..277K. 3.4
[65] Thomas Preibisch and Eric D. Feigelson. The Evolution of X-Ray Emission in Young
Stars. ASTROPHYS J SUPPL S, 160(2):390–400, October 2005. 3.4

BIBLIOGRAPHY

66

BIBLIOGRAPHY
[66] E. Schisano, E. Covino, J. M. Alcalá, M. Esposito, D. Gandolfi, and E. W. Guenther.
Variability of the transitional T Tauri star T Chamaeleontis. Astronomy and Astrophysics,
501(3):1013–1030, July 2009. 4.1, 4.4
[67] J. H. Kastner, B. Zuckerman, P. Hily-Blant, and T. Forveille. Molecules in the disk
orbiting the twin young suns of V4046 Sagittarii. A&A, 492(2):469–473, December 2008.
Number: 2 Publisher: EDP Sciences. 4.1
[68] K. A. Arnaud. XSPEC: The First Ten Years. 101:17, January 1996. Conference Name: Astronomical Data Analysis Software and Systems V ADS Bibcode: 1996ASPC..101...17A.
4.2
[69] E. N. Parker. Nanoflares and the Solar X-Ray Corona. The Astrophysical Journal, 330:474,
July 1988. ADS Bibcode: 1988ApJ...330..474P. 4.3
[70] Hugh S. Hudson, Loren W. Acton, Tadashi Hirayama, and Yutaka Uchida. White-Light
Flares Observed by YOHKOH. Publications of the Astronomical Society of Japan, 44:L77–
L81, October 1992. ADS Bibcode: 1992PASJ...44L..77H. 4.3
[71] R. Morrison and D. McCammon. Interstellar photoelectric absorption cross sections,
0.03-10 keV.

The Astrophysical Journal, 270:119–122, July 1983.

ADS Bibcode:

1983ApJ...270..119M. 4.3
[72] Joel H. Kastner, E. Thompson, R. Montez Jr., S. J. Murphy, M. S. Bessell, and G. G.
Sacco. 2M1155-79 (= T Cha B): A Low-mass, Wide-separation Companion to the Nearby,
"Old" T Tauri Star T Cha. ApJ, 747(2):L23, March 2012. arXiv:1202.0262 [astro-ph].
4.4
[73] Joel H. Kastner, David P. Huenemoerder, Norbert S. Schulz, Claude R. Canizares, and
David A. Weintraub. Evidence for Accretion: High-Resolution X-Ray Spectroscopy of
the Classical T Tauri Star TW Hydrae. ApJ, 567(1):434–440, March 2002. 4.4

BIBLIOGRAPHY

67

